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ABSTRACT 

T i t l e :  Mathematical Model P red ic t ions  and Optimization Study of t he  Gamma- 
Ray Atmospheric Density Sensor 

Authors: D. R, Whitaker and R. P. Gardner 

Mathematical models were previous ly  der ived t o  s tudy the response of a 

gamma-ray backsca t t e r  sensor  f o r  atmospheric dens i ty  measurements. These models, 

developed f o r  a c y l i n d r i c a l l y  symmetrical geometry have been adapted t o  three-  

dimensional models having more genera l  appl ica t ion .  

i n t eg ra t ed  with a mul t iva r i ab le  search  rou t ine  t o  opt imize a sensor  design f o r  

s p e c i f i c  missions. Optimum design parameters f o r  a Mars atmosphere dens i ty  

measurement were ca lcu la ted .  

The models were then 
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1 INTRODUCTION 

The gamma-ray scattering technique for measuring the atmospheric density 

surrounding space vehicles has been studied and developed in several experimental 

and theore t i ca 1 programs (1J2J3’4) funded by NASA over the past few years. 

Results of these studies indicate that this technique is feasible and has many 

advantages. Among these advantages are: (1) fast response time, (2) a l l  gauge 

components can be installed completely within the space vehicle, (3)  large 

effective sample volume, ( 4 )  linear response for densities equal to or less 

than that at sea level on Earth, and (5) the response is negligibly affected 

by atmospheric composition or shock waves when the gauge is properly designed. 

The primary problem associated with this technique was a high noise level 

that limited the low-density measurement range of this technique. The source 

of this noise has been identified ( 4 )  as the multiple streaming of gamma-rays and 

some beta-particle-produced bremsstrahlung from the radioisotope source down 

the space vehicle walls. 

this phenomenon have been successfully employed to the extent that the effect 

of the important parameters governing this source of noise can be assessed. 

Appropriate gauge and radioisotope source designs that will minimize this 

noise level for any given set of design restraints imposed by a particular 

atmospheric density measurement can now be made with the aid of the mathematical 

models. 

Mathematical modeling and experimental studies of 

In previous work under Contract No. NAS1-5467, theoretical, mathematical 

models were derived to predict the performance, identify problem areas, and 

explain the data taken on two flight tests of a gamma-ray scatter gauge. 

models were cylindrically symmetrical with a source, conical shield, and a 

cylindrical scintillation detector mounted on the major axis inside a cone- 

shaped rocket. 

linear with atmospheric density, independent of 

These 

Predictions from these models were that the gauge response was 

atmospheric composition if 



g a m - r a y  ene rg ie s  l a r g e r  than 0.1 MeV are employed, a f f e c t e d  by atmospheric 

d e n s i t y  a s  f a r  a s  10 meters from the  rocket ,  and independent of  shock wave 

pe r tu rba t ions  t h a t  a r e  l i k e l y  t o  be  encountered. 

I n  the  p re sen t  Contract No. NASL-7046 t h e  work was divided i n t o  two 

phases wi th  the  dec i s ion  t o  proceed wi th  Phase I1 cont ingent  on the r e s u l t s  

Phase I. 

descr ibed i n  an e a r l i e r  r e p o r t  (3) and an optimum source study. 

work v e r i f i e d  the  models q u i t e  w e l l  ( 4 ) .  and t h e r e f o r e  the  dec i s ion  to  proceed with 

Phase I1 of t h i s  c o n t r a c t  was made, 

of . 
Phase I was an experimental v e r i f i c a t i o n  of  t h e  symmetrical models 

Resul ts  of t h i s  . 

This r e p o r t  p re sen t s  t h e  r e s u l t s  of  Phase I1 of Contract No. NAS1-7046. 

This work was divided i n t o  t h r e e  tasks.  

of i n t e r e s t  t o  NASA i s  t h a t  on Mars, the  symmetrical models had t o  be  adapted 

to  the  non-symmetrical geometry of a Mars atmosphere sensor.  

the  f i r s t  t a s k  of t h i s  e f f o r t .  The second t a s k  cons i s t ed  of designing and 

t e s t i n g  a master computer program f o r  carrying out  a mul t iva r i ab le  search of 

design parameters. 

optimum design parameters f o r  a Mars atmosphere gauge. 

Since a n  atmospheric dens i ty  measurement 

This represented 

Task 3 cons i s t ed  of running the completed program t o  ob ta in  

An a d d i t i o n a l  t a s k  was added during the  Phase I1 work because the Phase I 

e f f o r t  had ind ica t ed  t h a t  the  buildup f a c t o r  necessary f o r  co r rec t ing  the  two- 

dimensional model p red ic t ions  of wal l  streaming was too complex t o  determine 

gene ra l ly  by simple c o r r e l a t i o n s  with t h e  l imi t ed  amount of d a t a  taken i n  Phase I. 

This t a s k  consis ted of i n v e s t i g a t i n g  t h e  use of the  Monte Carlo technique t o  

determine the  mul t ip l e  s c a t t e r i n g  of gamma rays down t h e  veh ic l e  walls.  
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2.  DISCUSSION OF APPROACH 

The Phase I1 work was divided i n t o  s e v e r a l  t asks  a s  discussed i n  the  

Introduct ion.  

present  program i s  t o  use computer programs t o  optimize a Mars atmosphere gauge. 

These t a s k s  a r e  q u i t e  i n t e r r e l a t e d  s i n c e  t h e  f i n a l  o b j e c t i v e  of t h e  

2.1  Conceptual Desipn Optimization with Mathematical Models 

H i s t o r i c a l l y ,  opt imizat ions w i t h  mathematical models have been used 

ex tens ive ly  i n  t h e  f i e l d  of economics, m i l i t a r y  tactics, and o t h e r  t r a d i t i o n a l  

operat ions r e sea rch  topics ,  Recently, a p p l i c a t i o n s  of these techniques have 

been made t o  the  opt imizat ion of i n d u s t r i a l  processes.  The a p p l i c a t i o n  of these 

techniques t o  t h e  design of measurement devices  such a s  the  p re sen t  a p p l i c a t i o n  

t o  gamma-ray s c a t t e r  gauges f o r  atmospheric dens i ty  measurement i s  newo 

Genera 1 ly , opt  imi za t ions with ma thema t i ca 1 mode 1 s i nvo lve desc r ib ing  

the  phenomenon of i n t e r e s t  with a mathematical model o r  models. 

should be  capable of p red ic t ing  t h e  e f f e c t  of changes i n  the  parameters t h a t  are 

p e r t i n e n t  t o  t h e  phenomenon. A s i n g l e  des i r ed  c r i t e r i o n  i s  e s t ab l i shed  t h a t  

must be maximized (or  minimized) t o  ob ta in  optimum performance. Various 

combinations of the  p e r t i n e n t  a d j u s t a b l e  parameters a r e  used i n  t h e  mathematical 

model o r  models and the  optimum c r i t e r i o n  i s  calculated.  

values  of the ad jus t ab le  parameters t h a t  maximize (or  minimize) the  optimum 

c r i t e r i o n  r ep resen t  the  optimum design f o r  the  phenomenon being invest igated.  

Various formalized procedures a r e  u t i l i z e d  t o  e s t a b l i s h  the  "search" p a t t e r n  t h a t  

w i l l  i n s u r e  t h a t  a t r u e  maximum (or  minimum) i s  found with t h e  most e f f i c i e n t  

computa t iona 1 e f f o r t  

These models 

The p a r t i c u l a r  set of 

It is  h e l p f u l  a t  t h i s  po in t  t o  examine t h i s  opt imizat ion procedure i n  

terms of the separable  p a r t s  and how they a r e  i n t e r r e l a t e d .  Figure 2-1 i s  a 

schematic diagram of the  opt imizat ion procedure. 

the opt imizat ion procedure. 

and i s  shown i n  t h e  center .  

There a r e  s i x  separable  p a r t s  of 

The "search rout ine" i s  the h e a r t  of the  procedure 

According t o  t h e  problem "constraints"  which a r e  fed 

3 



i n t o  the  search rount ine ( s t e p  l), values  of t h e  "adjustable  parameters" a r e  

s e l e c t e d  ( s t e p  2 )  and i n s e r t e d  i n t o  t h e  %athematical  model" ( s t e p  3). 

mathematical model c a l c u l a t e s  a "value of  the  c r i t e r i o n "  ( s t e p  4) and t h i s  va lue  

i s  returned t o  t h e  search r o u t i n e  ( s t e p  5). 

u n t i l  the  search r o u t i n e  decides  t h a t  a maximum (or  minimum) va lue  of the  e 

c r i t e r i o n  has been reached. 

values  of parameters" ( s t e p  6). 

a p p l i c a t i o n  of t h i s  general  procedure t o  t h e  optimum conceptual design of a 

g a m - r a y  s c a t t e r  gauge f o r  measuring t h e  atmospheric dens i ty  of Mars from a 

Voyager ProbeILander i s  discussed i n  t h e  following subsect ions of Sec. 2. 

The 

This e n t i r e  process i s  repeated 

A t  t h i s  p o i n t  the  sea rch  r o u t i n e  lists t h e  "optimum 
* 

The s p e c i f i c  problems a s soc ia t ed  with t h e  

2.2 Application t o  Gamma-ray S c a t t e r  Atmospheric Density Gauges 

A discussion of the  mathematical model opt imizat ion procedure a s  shown 

i n  Fig.  2-1 i s  given i n  t h i s  subsect ion t o  e l u c i d a t e  t h e  more s p e c i f i c  problem 

of applying t h i s  

atmospheric dens i ty  gauges. 

explanatory and r equ i r e s  no discussion.  

ca se  i s  the minimum noise- to-s ignal  r a t i o  of t h e  gauge response. 

rou t ine  chosen i s  t h e  Rosenbrock (5) method which i s  described i n  more d e t a i l  

i n  Sec, 4. 

technique t o  the  optimum conceptual design of g a m - r a y  

The "optimum values  of the  parameters" p a r t  i s  s e l f  

The obvious c r i t e r i o n  f o r  t h i s  p a r t i c u l a r  

The search 

The mathematical models used he re  were modified from the e a r l i e r  

symmetrical models because the proposed Mars atmosphere gauge w i l l  not have 

symmetry about the  l i n e  connecting the  center of t h e  source and center  of t h e  

de tec tor .  This modif icat ion of the  models t o  the  three-dimensional case 

represented a s i g n i f i c a n t  e f f o r t  i n  the present  program and w i l l  make the  models 

more gene ra l ly  app l i cab le  t o  f u t u r e  problems. 

Figure 2-2 schematical ly  shows the  major components of a g a m - r a y  

s c a t t e r  gauge f o r  the  measurement of atmospheric density.  These include:  (1) a 

source of electromagnetic r a d i a t i o n ,  (2) a d i r e c t  transmission s h i e l d ,  (3) a 

4 
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de tec to r ,  ( 4 )  t h e  e l e c t r o n i c  components necessary t o  process  the  d e t e c t o r  response, 

and (5) the  wa l l s  of the  conta iner  t h a t  houses a l l  t h e  gauge components., The 

l a s t  two of  these components, e l e c t r o n i c s  and conta iner  wa l l s ,  a r e  e s s e n t i a l l y  

f ixed  by the  gauge and space veh ic l e  des ign  and are not  u sua l ly  ad jus t ab le ,  

ad jus t ab le  parameters a r e  p r imar i ly  concerned wi th  t h e  f irst  th ree  i t e m s ;  t he  

source,  t he  s h i e l d ,  and the  de t ec to r .  

The 

The source of e lectromagnet ic  r a d i a t i o n  can be  e i t h e r  a rad io iso tope  

o r  a machine source. I f  a rad io iso tope  source i s  chosen ( a s  i n  the  s t u d i e s  t o  da t e ) ,  

i t  must be  s e l e c t e d  on the  b a s i s  of energy emit ted,  h a l f - l i f e ,  s p e c i f i c  a c t i v i t y ,  

and a v a i l a b i l i t y  . 
The design of the d i r e c t  t ransmission s h i e l d  depends d i r e c t l y  on t h e  

r a d i a t i o n  source  and d e t e c t o r  t h a t  a r e  chosen. Usually one d e s i r e s  t o  minimize 

the t o t a l  weight of the  s h i e l d  while  s t i l l  e l imina t ing  m o s t  of t he  r a d i a t i o n  

t h a t  pene t r a t e s  t h e  s h i e l d  and goes d i r e c t l y  t o  t h e  de tec tor .  Besides weight 

cons idera t ions ,  one would a l s o  l i k e  t o  optimize t h e  shape and pos i t i on  of t he  

s h i e l d  f o r  most e f f i c i ency .  

The d e t e c t o r  should be  chosen f o r  optimum ef f ic iency .  The s i z e  and 

shape o f  the  de t ec to r  f o r  the present  ca se  would b e  determined on the  b a s i s  of 

t h e  optimum s igna l - to-noise  r a t i o .  This depends t o  a l a rge  ex ten t  on what 

source energy and s h i e l d  design a r e  used. Since the  gauge response i s  almost 

a d i r e c t  func t ion  of  the  d e t e c t o r  f a c e  a rea ,  t h i s  would i n d i c a t e  t h a t  a l a rge  

de t ec to r  is  des i r ab le .  However, the  noise  due t o  source d i r e c t  t ransmission and 

cosmic r a d i a t i o n  a l s o  i nc reases  wi th  d e t e c t o r  s i z e ,  i n d i c a t i n g  a c o n f l i c t i n g  

d e s i r a b i l i t y  f o r  a smal l  de tec tor .  This is a s p e c i f i c ,  q u a l i t a t i v e  example of  

why one expec ts  t o  f i n d  an  optimum design for the  gauge. The type  of de t ec to r  

(viz .  o rganic  c r y s t a l ,  inorganic  c r y s t a l ,  p ropor t iona l  gas ,  etc.)  depends upon 

the o v e r a l l  e f f i c i e n c y  f o r  t he  source gamma-ray energy chosen, t he  required 

5 



ruggedness, dependabi l i ty ,  and i n s e n s i t i v i t y  t o  the  probable  changes i n  ambient 

temperature and pressure.  

Besides these  design cons idera t ions  connected d i r e c t l y  t o  the  b a s i c  

components of  t he  gauge, one must a l s o  cons ider  such th ings  a s :  source-detector  

d i s t ance ,  co l l imat ion  of source and d e t e c t o r ,  and d i sc r imina to r  s e t t i n g s .  It i s  

obvious from t h e  l a rge  number of ad jus t ab le  parameters and t h e i r  complicated and 

h ighly  i n t e r r e l a t e d  e f f e c t  upon the  s i g n a l  and no i se  t h a t  a s ea rch  rou t ine  used 

wi th  mathematical models would be  a u s e f u l  method of determining the  optimum 

conceptual  design of a gauge. 

f 

Const ra in ts  a r e  imposed by the  s p e c i f i c  measurement required.  The 

planned e n t r y  speed e s t a b l i s h e s  the  necessary gauge response speed o r  t i m e  

constant .  

cons tan t  determines the  source i n t e n s i t y .  

d e s t i n a t i o n  i n  conjunct ion wi th  the maximum al lowable i n i t i a l  source i n t e n s i t y  

determines the lower l i m i t  on the  source h a l f - l i f e .  

The expected atmospheric dens i ty  i n  conjunct ion wi th  the  gauge t i m e  

The t i m e  required t o  reach the 

The mathematical models requi red  should be capable o f  r e l a t i n g  the  

pred ic ted  s i g n a l  and no i se  of a gauge f o r  any combination of the  p e r t i n e n t  

ad jus t ab le  parameters. The models should be a s  accura te  a s  poss ib l e  cons i s t en t  

w i th  reasonable  computation t i m e s  on a high speed computer. 

2 . 3  Mathematical Model Reauirements 

To optimize t h e  s ignal- to-noise  r a t i o  one must have models f o r  the 

s i g n a l  and a l l  sources  of no i se  i n  terms of the ad jus t ab le  parameters prev ious ly  

discussed.  By d e f i n i t i o n ,  there i s  only one source of s igna l ,  bu t  t h e r e  a r e  

seve ra l  poss ib l e  sources  of  no ise ,  These include:  (1) mul t ip l e  s c a t t e r i n g  down 

t h e  space v e h i c l e  wa l l s ,  (2)  cosmic r ad ia t ion ,  (3)  source r a d i a t i o n  t ransmi t ted  

through the  sh i e ld ,  ( 4 )  n a t u r a l  r a d i o a c t i v i t y  i n  the  space veh ic l e  and on Mars, 

and (5) e l e c t r o n i c  noise .  The l a s t  two sources  of no ise  a r e  omitted here  a s  they 

a r e  probably neg l ig ib l e  i n  r e l a t i o n  t o  the  o t h e r s  f o r  t he  present  case. They 
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could e a s i l y  be  included f o r  o t h e r  proposed measurement optimizations.  

models f o r  t h e  s i g n a l  and each of t he  t h r e e  sources of no i se  a r e  derived and d i s -  

cussed i n  Sec. 3. 

Mathematical 

I n  a d d i t i o n  t o  optimizing the  s igna l - to-noise  r a t i o ,  i t  was d e s i r a b l e  

* t o  check t h e  accuracy of t he  mathematical models by comparing them wi th  the  two- 

dimensional models. S igna l  response a s  a func t ion  of atmospheric dens i ty ,  source 

energy, and shock wave per tuba t ions  f o r  t h e  three-dimensional model were of 

i n t e r e s t .  Also, d e t e c t o r  response a s  a func t ion  of d i s t a n c e  from the  source and 

a p l o t  of t he  number of gamma rays  s c a t t e r e d  and even tua l ly  de tec ted  a t  any 

d i s t ance  from the source and d e t e c t o r  were des i red .  

a func t ion  of gamma-ray energy was a l s o  of i n t e r e s t .  

Wall streaming response a s  

Comparison of these r e s u l t s  wi th  the  two-dimensional r e s u l t s  would 

i n d i c a t e  which parameters should be  optimized f o r  t h e  f i n a l  gauge design. 

2.4 Application t o  Gauge for. Martian Atmospheric Density Measurement 

The s p e c i f i c  c o n s t r a i n t s  imposed by t h e  proposed measurement of the  

Martian atmospheric dens i ty  can be i n f e r r e d  from a preliminary study made by 

Giannini Controls Corporation (6). F i r s t  of a l l  t he  proposed Mars gauge i s  no t  

symmetrical, a s  a l r eady  discussed. The o t h e r  p e r t i n e n t  c o n s t r a i n t s  a r e  only 

b r i e f l y  discussed he re  and no e f f o r t  i s  made to  thoroughly s u b s t a n t i a t e  them, 

For a more d e t a i l e d  d iscuss ion  of these  c o n s t r a i n t s  r e f e r ' t o  R e f .  6. 

Spacecraf t  weight r e s t r i c t i o n s  and s t a t e -o f - the -a r t  development of 

machine sources of electromagnetic r a d i a t i o n  i n d i c a t e  t h a t  t he  use  of a rad io iso tope  

source i s  d e s i r a b l e  f o r  t h i s  appl ica t ion .  The expected atmospheric dens i ty  of the  

Martian atmosphere and t h e  design v e h i c l e  e n t r y  speed combine t o  r equ i r e  a source  

i n t e n s i t y  (de l ivered  t o  Mars) of 20 c u r i e s ,  assuming one gamma ray  i s  emitted 

per  source d i s i n t e g r a t i o n ,  On the  b a s i s  of e f f i c i e n c y  and a b i l i t y  t o  withstand 

the  expected ambient condi t ions ,  t h e  type of d e t e c t o r  chosen i s  a s c i n t i l l a t i o n  

c r y s t a l  wi th  photomultiplier.  The d e t e c t o r  shape i s  t o  be  a r i g h t - c i r c u l a r  

7 



cy l inde r  so  t h a t  s t a t e -o f - the -a r t  photomul t ip l ie r  tubes can be  e f f i c i e n t l y  matched 

t o  the  de t ec to r .  A schematic drawing of  t h e  gauge wi th  p e r t i n e n t  nomenclature 

is given i n  Fig. 2-2. The important p o i n t s  t o  note  a r e  t h a t  t he  source  and 

d e t e c t o r  a r e  the  same d i s t a n c e  from the  v e h i c l e  wa l l  and the  w a l l  is considered 

t o  be f l a t  w i th  no curvature .  

mathematical models. 

Shie lds  a r e  shown a t  bo th  the source  and de tec to r ,  Col l imat ion of  source and 

d e t e c t o r  i s  no t  shown s i n c e  i t  could be accomplished by many d i f f e r e n t  

These assumptions were made t o  s impl i fy  the  
.4 

They do n o t  s e r i o u s l y  a f f e c t  t h e  g e n e r a l i t y  of  t he  program, 

F 

configurat ions.  

Derivat ions and d iscuss ions  of t he  three-dimensional ma thema t i c a l  models 

a r e  given i n  the  next  s ec t ion ,  
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3.  THREE-DIMENSIONAL MATHEMATICAL MODELS 

Mathematical models of t h e  s i g n a l  and the t h r e e  sources  of no ise  are 

der ived and discussed sepa ra t e ly  i n  t h i s  sec t ion .  I n  add i t ion ,  a model f o r  

ca l cu la t ing  the s o l i d  angle  subtended by the  c i r c u l a r  f ace  of a d e t e c t o r  from 

a po in t  a t  any p o s i t i o n  and a model f o r  c a l c u l a t i n g  the d e t e c t o r  e f f i c i ency  

f o r  any gamma-ray energy and r i g h t - c i r c u l a r  c y l i n d r i c a l  d e t e c t o r  a r e  der ived 

and discussed,  s ince  these l a s t  models were required f o r  use with each of the 

three-dimensional models f o r  s i g n a l  and noise .  

I 

3 . 1  Derivat ion and Discussion of Models 

3 .1 -1  Signal  Response Model 

A schematic diagram with p e r t i n e n t  nomenclature f o r  t he  

de r iva t ion  of the s i g n a l  response model i s  given i n  Fig. 3-1. A somewhat 

unusual coordinate  system is  used t o  coincide wi th  the  des i red  co l l imat ion  l i m i t s .  

This coordinate  system uses  two of the conventiona 1 sphe r i ca l  coordinates ,  r and 

0, but  rep laces  the usua l  8 by Q, which is the  angle  between the z Car tes ian  

coordinate  a x i s  and the  r l i n e  superimposed on the  y-z plane. The o r i g i n  i s  

taken as the cen te r  of the  source, Car tes ian  coordinates  a r e  o f t e n  used i n  

the  de r iva t ions  as w e l l  as t h e  r,@,$ coordinates .  

are shown i n  Fig. 3-1. 

a r e  given i n  Table 3-1, 

A l l  t h ree  coordinate  systems 

The r e l a t ionsh ips  between the  var ious coordinate  systems 

Figure 3-2 shows the  des i red  i n t e g r a t i o n  l i m i t s  on the coordinate  

system used i n  t h i s  study. 

and Om,. The L i m i t s  on $ 

equal t o  Q . The maximum l i m i t  on r i s  taken as r The minimum l i m i t  on r, 

r 

of the @,Q l i n e  with the ou te r  f ace  of the space veh ic l e  wall. 

The l i m i t s  of @ which are i n  the  x-y plane are Q 

i n  the  y-z p lane  are assumed t o  be symmetrical and 

min 

C IMX. 

(@, $), depends on the  values  of Q and @ and i s  taken as the  i n t e r s e c t i o n  m i  n 
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The s i g n a l  response model i s  der ived  by i d e n t i f y i n g  separable  

p a r t s  of each gamma-ray pa th  t h a t  o r i g i n a t e s  from the  source  and i s  s c a t t e r e d  by 

the  surrounding atmosphere i n t o  the  de t ec to r .  A l l  pos s ib l e  pa ths  a r e  obtained by 

i n t e g r a t i n g  on r,  @, and J! according t o  the  l i m i t s  j u s t  e s t ab l i shed  and shown 

i n  Fig. 3-2. This model assumes t h a t  on ly  gamma rays  s c a t t e r e d  once a r e  detected.  

( 3 y 4 )  and would be  This has  been shown t o  be  a good assumption i n  t h e  p a s t  

expected t o  be an even b e t t e r  assumption f o r  t h e  p re sen t  case s i n c e  the  atmosphere 

of i n t e r e s t  i s  even less dense than t h a t  prev ious ly  considered. This means t h a t  

mu l t ip l e  s c a t t e r i n g  i s  even less l ike ly .  

% 

The f i r s t  p robab i l i t y ,  P i s  the  p r o b a b i l i t y  t h a t  any gamma-ray 1' 

emit ted from the  source w i l l  be emit ted wi th in  t h e  d i f f e r e n t i a l  angles  d@ and dJ! 

about the  mean angles  @ and J! and w i l l  reach t h e  d i s t ance  r without  being a t tenuated ,  

From t h i s  desc r ip t ion  P i s  seen t o  be: 1 

i s  the t o t a l  a t t enua t ion  c o e f f i c i e n t  of the  

-1 
t where IJ. 

atmosphere, i n  cm , 

t$ (@,J!) i s  the  wa l l  thickness  through which the  gamma-ray 

must pass  when i t  i s  t r ave l ing  i n  the  d i r e c t i o n  

@ and J!, i n  cm, 

r i s  the  d i s t ance  from the  source, i n  cm, 

-1 
i s  the  s t t e n u a t i o n  c o e f f i c i e n t  of  t he  wal l ,  i n  c m  

term has been assumed t o  be one-half of t he  

IJ., and 

Ir, the  s t u d i e s  reported he re  the  1-1 
W 

t r u e  value s ince  i t  is comprised almost e n t i r e l y  of  the Compton s c a t t e r i n g  

probabi l i ty .  

by the  wa l l ,  only t h a t  h a l f  of them t h a t  a r e  s c a t t e r e d  a t  angles  of n/2 o r  l a rge r  

a r e  l o s t  a s  p o t e n t i a l  s i g n a l  producers. 

i n  t h i s  s tudy s c a t t e r  e s s e n t i a l l y  synrmetrically about t h e  n/2 plane so  t h a t  h a l f  

This assumes t h a t  even i f  a l a r g e  number of  gamma-rays a r e  sca t t e red  

(The low-energy gamma rays  of concern 
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t of the s c a t t e r s  a r e  a t  angles  g r e a t e r  than n/2 and subsequently a r e  l o s t . )  The IJ. 

t e r m  i s  taken a s  t h e  sum of the Compton s c a t t e r i n g  and p h o t o e l e c t r i c  p r o b a b i l i t i e s  

f o r  a l l  the  components of the  atmosphere. 

no t  considered s i n c e  t h i s  p r o b a b i l i t y  i s  n e g l i g i b l e  f o r  gamma-ray energies  less 

than about 2 MeV, 

The p r o b a b i l i t y  f o r  p a i r  production i s  

~ This atmospheric a t t e n u a t i o n  c o e f f i c i e n t  i s  given by 

n 

i= 1 

-1 + NAp Z -fai wi/Ai cm (3.1.1-2) 

where NA i s  Avogadro’s Number, 6.025 x atomsig-atom, 

3 
p 

be 

i s  the  atmospheric dens i ty ,  i n  g/cm , 
i s  the  t o t a l  Compton s c a t t e r i n g  p r o b a b i l i t y  per e lec t ron ,  

2 i n  cm / e l e c t r o n ,  

w i s  the  weight f r a c t i o n  of element i, i 

is the atomic number of element i, 

is the  mass number of element i, 

‘i 

Ai 

T i s  the  p h o t o e l e c t r i c  p r o b a b i l i t y  per  atom of element i, a i  
2 i n  cm /atom, 

and n i s  the  number of elements present  i n  the  atxosphere.  

The term i s  i d e n t i c a l  t o  p except t h a t  the  elements w i th in  the  space veh ic l e  

wal l  a r e  summed. 

W t 

The t o t a l  Compton s c a t t e r i n g  p r o b a b i l i t y  per  e l e c t r o n  i s  given by Evans(8) a s :  
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where ro is the  c l a s s i c a l  e l e c t r o n  rad ius ,  2.818 x cm, 

and a i s  the gamma-ray energy i n  Mev divided by the rest-mass 

energy of an e l e c t r o n  (0.511 Mev). 

The second p r o b a b i l i t y ,  P2, is  taken as those g a m  rays a l r eady  

descr ibed by P1 t h a t  a r e  s c a t t e r e d  wi th in  the  d i f f e r e n t i a l  d i s t a n c e  d r  

d i s t a n c e  r t o  wi th in  the s o l i d  angle  subtended by t h e  de tec tor .  

a t  mean 

- 

is  t h e  angle  between the a,$ l i n e  and a l i n e  drawn 1 where 8 

from r,@,$ t o  t h e  nea res t  po in t  on the  

d e t e c t o r  f a c e  (r = d-R, Q1 = 0 ,  Q = 0), 

82 i s  t h e  angle between the  @,$ l i n e  and a l i n e  

drawn from r,@,$ t o  the f a r t h e s t  po in t  on 

t h e  d e t e c t o r  face  (r = d+R, @ = 0, $ = 0), 

'e i s  t h e  e l e c t r o n  dens i ty  of the  surrounding atmos- 

3 phere, i n  electrons/cm , 
i s  t h e  d i f f e r e n t i a l  p r o b a b i l i t y  per e l e c t r o n  

t h a t  a g a m - r a y  with o r i g i n a l  d i r e c t i o n  

8 = 0 w i l l  s c a t t e r  w i th in  the  d i f f e r e n t i a l  

(doe/d8) d e  

2 angle  de a t  mean angle 8 i n  cm /e lec t ron ,  

and F i s  the  s o l i d  angle  subtended by t h e  c i r c u l a r  

de t ec to r  face  divided by the t o t a l  s o l i d  

angle  between 8 and 8 

The F term c o n s i s t s  of the  d e t e c t o r  s o l i d  angle  model derived and discussed i n  

Sec. 3 . 1 . 6  divided by the s o l i d  angle  between 8 and 8 It is  not  discussed 

2" 1 

1 2' 
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el -e  is small by: 2 
f u r t h e r  here. Equation 3.1.1-4 can be  approximated w e l l  when 

= nr2 s i n  ea (Es/Eo)2 [ Es/Eo 3- E o/Es - s i n 2  ea ] (e,-@,) pedr F (3Q101-5)  p2 0 

where r i s  the c l a s s i c a l  e l e c t r o n  radius ,  2.818 
0 

1 0 ' ~ ~  cm, 

2' 
ea i s  the a r i t h m e t i c  average of 8 and e 

Es 

1 

i s  the  s c a t t e r e d  photon energy, i n  Mev 

and Eo i s  t h e  o r i g i n a l  photon energy, i n  MeV. 

The s c a t t e r e d  and o r i g i n a l  energies  a r e  r e l a t e d  by 

(3.1.1-6) 

The t h i r d  p r o b a b i l i t y ,  P3, i s  taken a s  those gamma-rays a l r eady  

described by P and P 

point  a t  r ,  @, 6 t o  the de tec tor .  

t h a t  a r e  not a t t enua ted  as they move from t h e  s c a t t e r i n g  1 2 

where p'  
t 

4 

is the  t o t a l  a t t enua t ion  c o e f f i c i e n t  of t h e  

-1 atmosphere a t  gamma-ray energy E i n  cm , 
i s  the  t o t a l  a t t e n u a t i o n  c o e f f i c i e n t  of the space 

veh ic l e  w a l l  a t  the  gamma-ray energy E,, i n  

c m  ¶ 

i s  the  d i s t a n c e  from the s c a t t e r i n g  point  a t  

r,@,qJ to  the  cen te r  o f  the  d e t e c t o r  f a c e  a t  

r = d, @ = 0, $ = 0, i n  cm, 

S Y  

-1 
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s (r,@,+) is t h e  d i s t ance  from the  cen te r  of the  de t ec to r  min 

f ace  t o  t h e  i n t e r s e c t i o n  of the  ou te r  f ace  

of t h e  space v e h i c l e  wa l l  a long  t h e  s l i n e ,  

i n  cm, 

and t: i s  t h e  d i s t ance  the  s c a t t e r e d  gama-ray of  
.. 

energy E must travel i n  t h e  space veh ic l e  
S 

w a l l  when t r a v e l i n g  along the  s l i n e ,  i n  cm. 
v 

The fou r th  p robab i l i t y ,  P4, is taken as those gamma rays  a l ready  

descr ibed by Pl, P2, and P 

is  i d e n t i c a l  t o  the d e t e c t o r  e f f i c i e n c y  model t h a t  i s  der ived and discussed i n  

t h a t  g i v e  rise t o  a de t ec t ab le  pulse .  This p robab i l i t y  3 

Sec. 3.1.5. It is not  discussed f u r t h e r  here .  

The response of the  gauge pe r  u n i t  t o t a l  emission r a t e ,  R, i s  j u s t  

the  i n t e g r a l  over a l l  poss ib l e  l i m i t s  of t h e  product P P P P 1 2 3 4 '  

r +c 'ma, max 

s '1'2 '3'4 R = 2  f J 
0 r 'min min(B,+) 

(3.1.1-8) 

Keep i n  mind t h a t  P1 conta ins  the  d i f f e r e n t i a l s  d' and diD and P 

d i f f e r e n t i a l  dr .  A form of  Eq. 3.1.1-8 t h a t  would look more conventional would be 

conta ins  the  2 

r 

P3 P4 d$ d@ d r  (3.1.1-9) p1p2 'c 'mex max 

s d+ d@ d r  r 'min min(o,+> 

R = 2  J j- 
0 

Solu t ions  of Eq. 3.1.1-9 were obtained by programming the  f i n i t e  

d i f f e rence  equiva len t  form f o r  a d i g i t a l  computer. The f i n i t e  d i f f e rence  form i s  

(3.1.1-10) 

t h  t h  i s  t h e  product P P P P a t  t he  j- increment on + t h e  
where (p1p2p3p4> j ,k, 1 2 3 4  

t h  increment on @, and the 1- increment on r; and m,n, and o a r e  t h e  t o t a l  number 

of  f i n i t e  d i f f e rence  increments taken on +,@, and r, respec t ive ly .  
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For the  case of t h e  Martian atmosphere where t h e  maximum expected 

dens i ty  i s  q u i t e  low compared t o  t h a t  on Earth,  t h e  exponent ia l  absorpt ion f a c t o r s  

i n  the  P 

(For t h e  most dense NASA Mars atmosphere model, VM-9, t h e  exponent ia l  a t t e n u a t i o n  

on the s u r f a c e  of  Mars amounted t o  less than 5% f o r  a 10 Kev gamma ray and 

approximately 1% f o r  a 20 Kev gamma ray.) 

and P 
1 3 

p r o b a b i l i t i e s  due t o  atmospheric absorpt ion could be  neglected.  

- 
This s impl i f i ed  the  model considerably 

and s i g n i f i c a n t l y  decreased t h e  amount of computer t i m e  required pe r  ca l cu la t ion .  

These f a c t o r s  could e a s i l y  be r e i n s e r t e d  f o r  c a l c u l a t i o n s  involving more dense 

atmospheres. 

The computer program of t h i s  model was w r i t t e n  i n  FORTRAN I1 

and run on the  Bunker-Ram0 340. 

condi t ions took from 1 minute t o  6 minutes depending on t h e  number of i n t e g r a t i o n  

A c a l c u l a t i o n  of t h e  response f o r  one set of 

increments taken on the r,  Q,, and JI v a r i a b l e s .  

Wa 11 Streaming Response Mode 1 3.1.2 

The e a r l i e r  s t u d i e s  have determined (3’4) t h a t  one of the major 

sources of no i se  has been t h e  streaming o r  mul t ip l e  s c a t t e r i n g  of g a m  rays down 

the v e h i c l e  sk in  and i n t o  the  de tec tor .  Consequently, t h e  s i g n a l  response model 

described i n  subsect ion 3.1.1 was modified t o  include i n i t i a l  s c a t t e r i n g  down the  

wal l  and subsequent s c a t t e r i n g  from the w a l l  i n t o  t h e  de tec tor .  

The s i g n i f i c a n t  changes to. t h e  model descr ibed i n  Sec. 3.1.1 

are :  (1)  the  Pl p r o b a b i l i t y  given by Eq. (301.1-1) does n o t  include an a t t e n u a t i o n  

t e r m  s i n c e  t h e  i n t e g r a t i o n  on r i s  done only t o  t h e  o u t e r  su r f ace  of the rocket  

wal l ,  ( 2 )  t h e  P p r o b a b i l i t y  given by Eq. (3.1.1-4) s u b s t i t u t e s  a t e r m  f o r  p 

d r  F t h a t  desc r ibes  t h e  f r a c t i o n a l  amount of t h e  s o l i d  angle between 8 

t h a t  i s  in t e rcep ted  by the  v e h i c l e  w a l l  and t h a t  i nc ludes  t h e  e l e c t r o n  d e n s i t y  of 

the  wal l  i n s t e a d  of  the atmosphere, (3) the  P p r o b a b i l i t y  i s  the  exponent ia l  

a t t e n u a t i o n  of the  w a l l  from the  o r i g i n a l  s c a t t e r i n g  po in t  i n  the w a l l  a t  r, Q, 

and I) t o  a po in t  i n  the  wa l l  adjacent  t o  the  d e t e c t o r  (second s c a t t e r i n g  poin t ) ,  

2 e 

and 8 2 1 

3 

15 



1’ p2 ( 4 )  the  P p r o b a b i l i t y  i s  taken a s  those g a m  rays  a l r eady  descr ibed by P 

and P t h a t  a r e  s c a t t e r e d  wi th in  t h e  d i f f e r e n t i a l  d i s t a n c e  d s  and mean d i s t a n c e  

s t o  wi th in  the  s o l i d  angles  subtended by t h e  d e t e c t o r  ( P  i s  i d e n t i c a l  t o  P 

except  t h a t  the  s o l i d  angle  and d i f f e r e n t i a l  d i s t a n c e  a r e  d i f f e r e n t .  The s o l i d  

angle  i s  aga in  the  F term given i n  Eq. ( 3 . 1 , , 1 - 4 ) . ) ,  and (5) t h e  P p r o b a b i l i t y  i s  

aga in  the  e f f i c i e n c y  o r  p r o b a b i l i t y  t h a t  t h e  d e t e c t o r  w i l l  d e t e c t  t h e  in t e rcep ted  

gamma ray  a t  the  second s c a t t e r  energy. 

4 

3 

2 4 

5 - 

The P p r o b a b i l i t y  i s  the  most complicated one i n  t h i s  model 4 
s i n c e  a t  l e a s t  4 s c a t t e r i n g  p o i n t s  f o r  each o r i g i n a l  s c a t t e r  p o i n t  a r e  ca lcu la ted .  

A square a rea  of s k i n  1.5 t i m e s  t he  de t ec to r  diameter was considered f o r  the second 

s c a t t e r  po in ts .  This a rea  was d iv ided  i n t o  an even number of  smaller square a reas  

of equal  s i z e .  The cen te r  of  each o f  these  smal le r  a r e a s  was the  second s c a t t e r  

po in t  and was s i m i l a r  t o  a po in t  source of  r a d i a t i o n  s i n c e  i t  represented t h e  

e n t i r e  area which was used t o  determine the  s o l i d  angle  subtended between the  f i r s t  

and second s c a t t e r  po in ts .  The t o t a l  con t r ibu t ion  was then determined by summing 

the  r e s u l t s  from each of the  second s c a t t e r  po in ts .  The computer program f o r  t h i s  

model was w r i t t e n  so t h a t  e i t h e r  4 o r  16 second s c a t t e r  po in t s  could b e  assumed. 

This could be changed i f  i t  were found necessary t o  add more s c a t t e r  po in ts .  

However, i t  was found t h a t  changing from 4 t o  16 second s c a t t e r  po in t s  d id  not  

s u b s t a n t i a l l y  change the  f i n a l  r e s u l t s  b u t  d id  r equ i r e  more computer t i m e .  

The Monte Carlo s tudy  discussed i n  the  In t roduct ion  f o r  p red ic t ing  

the wa l l  streaming bui ldup  f a c t o r  r e s u l t e d  i n  t h e  conclusion t h a t  the  Monte Carlo 

technique would be f e a s i b l e  but  t i m e  d i d  not  permit  w r i t i n g  a complete Monte Carlo 

computer code. However, s eve ra l  var iance  reduct ion techniques were developed 

during t h i s  work which s u b s t a n t i a l l y  improved the  s t a t i s t i c s  of t h i s  technique. 

It was o r i g i n a l l y  found t h a t  only one gamma ray  o u t  of every 10 

reached the de tec to r .  

methods of  improving the s t a t i s t i c s  were developed. 

i n t o  a Monte Carlo computer code i f  des i red .  

9 source gamma rays  

Since t h i s  was p r o h i b i t i v e l y  t i m e  consuming on a computer, 

This work could be developed 
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The computer program of t h i s  model was aga in  w r i t t e n  i n  FORTRAN I1 

The computation t i m e  was usua l ly  less than t h a t  of and run on t h e  Bunker-Ram0 340. 

the  s i g n a l  response model because the re  was only one increment on ro  However, 

t he re  were add i t iona l  second s c a t t e r  ca l cu la t ions  but  the l a t t e r  ca l cu la t ions  were 

.. not  a s  t i m e  consuming a s  t h e  former. 

3.1.3 Cosmic Radiat ion Model 

One of the sources of r ad ia t ion  t h a t  con t r ibu te s  t o  the noise  

i n  a gamma-ray atmospheric dens i ty  gauge i s  g a l a c t i c  cosmic rad ia t ion .  For this  

model, t he  cosmic ray  spectrum repor ted  by Giannini ( 7 )  was used, o r  ex t rapola ted  

t o  include the  range of energ ies  app l i cab le  f o r  t h i s  study. 

Reference 7 g ives  the  cosmic ray  spectrum from 1 t o  lo lo  Bev. 

ex t rapola ted  down t o  0.010 MeV f o r  t h i s  model. 

Figure 5.0-1 of 

This f i g u r e  was 

Giannini repor ted  t h a t  the  cosmic r ay  f l u x  i s  bel ieved t o  be 

constant  between Ea r th  and Mars s ince  the rays  o r i g i n a t e  f a r  ou t s ide  the  s o l a r  

system. This same assumption was used i n  the  present  study. 

The equat ion f o r  t he  ex t rapola ted  cosmic proton i n t e n s i t y  

spectrum was found t o  be: 

(3.1.3-1) 2 N (E) = 8.3 x 10 -5 par t ic les /cm -sec - Mev 

where E i s  cosmic r ay  energy i n  Mev. 

Then, N(E) dE = number of protons per  second with energ ies  i n  dE about E s t r i k i n g  

each cm of the  de tec tor .  This spectrum was normalized t o  1 between 10 Kev and 

1000 MeV. 

Expressed a s  an equat ion,  

2 

E = 1000 

N(E) dE = 1 I 
E= 0.010 

(3.1.3-2) 
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An expression f o r  the  range-energy r e l a t i o n s h i p  f o r  cosmic protons i n  the  veh ic l e  

w a l l  m a t e r i a l  was obtained by using values  from Fig. 3,3  i n  Chapter 22 of Evans (8) 

f o r  high energy protons i n  a i r .  This expression is: 

r = 22.2 E - 107.5 cm (3.1.3-3) a i r  

where E is  energy i n  MeV. I 

The Bragg-Kleeman r u l e  which r e l a t e s  t h e  average range i n  one 
m 

absorber t o  the range i n  any o t h e r  absorber g ives  

r = 3.2 x r w a i r  -- W (3.1-3-4) 

where Aw i s  e f f e c t i v e  atomic weight of wal l  ma te r i a l  

and 6 i s  wa l l  m a t e r i a l  dens i ty ,  i n  g/cm 3 
W 

For absorbers  o t h e r  than pure elements, the r a t i o  of t h e  e f f e c t i v e  atomic weights 

t o  the e f f e c t i v e  s topping power must be used f o r  the  A t e r m .  This i s  obtained 

by the following formula : 

W 

n A + n  A + n  A 3. . O O O  1 1  2 2  3 3  

nl .I;";; + n2 & + n3 $ i- 
K =  

W (3.1.3-5) 

where the  n ' s  r e f e r  t o  the atomic f r a c t i o n s  of the elements i n  

question. 

S u b s t i t u t i n g  the expression f o r  t h e  range i n  a i r  i n t o  Eq. (3.1.3-4) gives  

3.2 x l oa4% [22.2E - 107.51 
r =  cm 

P W  W 

(3 .1.3-6)  

18 



where &- i s  def ined by Eq. (3.1.3-5). 
W 

The lowest energy E to  g i v e  a p u l s e  i s  found by f i rs t  solving 

Eq. (3.1.3-6) f o r  E 

t o  t h e  w a l l  th ickness ,  tw. 

( the  energy required t o  pass  through t h e  wa l l )  w i th  rw equal 
W 

The r e s u l t i n g  equat ion is 

107.5 +- - %I pw 
Ew - ( 2 2 . 2 )  (3.2  IO-^^ 22.2 (3.1.3-7) 

where t i s  w a l l  th ickness ,  i n  cm. 
W 

The a d d i t i o n a l  energy required t o  g i v e  a p u l s e  a s  l a r g e  as the lower d i sc r imina to r  

s e t t i n g  E is a 

where y is  r e l a t i v e  energy e f f i c i e n c y  of protons compared 

t o  gamma rays 

y = 517.3 = 0.685 for N a I  c rys ta l .  

Therefore,  the  lowest energy proton t h a t  w i l l  g ive  rise to  a pulse  is  

Epa = Ea 3. Ew ., 

Next, the h ighes t  energy t h a t  w i l l  g ive  a pu l se  i s  

E% = E; + Ew 

(3.1.3-8) 

(3.1.3-9) 

where EA i s  a d d i t i o n a l  energy required t o  g ive  a pulse  as l a r g e  a s  

EU, t h e  upper d i sc r imina to r  s e t t i n g  

o r  E '  = EU/y. a 

Now t o  g e t  t h e  t o t a l  number of protons de t ec t ed  

EPU 

EPQ 

ND = Nc I N(E)  dE p a r t i c l e s / s e c  (3.1.3-10) 
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2 where N i s  t o t a l  cosmic r a y  f l u x ,  i n  pa r t i c l e s / cm /sec. For 
C 

purposes of t h i s  s tudy  N was assumed to be equal  t o  2. However, any va lue  o t h e r  
C 

than t h i s  may be used r e a d i l y  because t h i s  va lue  was read i n t o  the  computer 

program f o r  t h i s  model. 

f r a c t i o n s  of a second on the  Bunker-Ramo 340 computer. 

The model was programmed i n  FORTRAN I1 and took only 

3.1 .4  Model of Response Di rec t ly  Transmitted from Source 

Another source of background counting r a t e s  i s  the  pene t r a t ion  of 

gamma rays  through the tungsten s h i e l d  placed between t h e  source and the  de tec tor .  

To eva lua te  t h i s  e f f e c t  t he  source,  s h i e l d ,  and d e t e c t o r  conf igura t ion  shown i n  

Fig. 2-2 was used. 

r a d i a t i o n  and the  tungsten s h i e l d  was d iv ided  i n t o  two pa r t s .  

A 

This conf igura t ion  assumed a po in t  i s o t r o p i c  source of 

A s  s t a t e d  i n  Sec t ion  2 ,  one of t h e  c r i t e r i o n  f o r  opt imizing a 

gamma-ray s c a t t e r  gauge i s  minimum s h i e l d  weight, 

two p a r t s  t o  e f f e c t i v e l y  a t t e n u a t e  both the  source r a d i a t i o n  and s c a t t e r e d  

r a d i a t i o n  wi th  a minimum sh ie ld .  

the  source a t t e n u a t e s  the  r a d i a t i o n  be fo re  i t  has  had a chance t o  spread ou t  o r  

s c a t t e r  i n  the  atmosphere. Also, a s  can be seen i n  Fig. 2-2 sh i e ld ing  placed a t  

t h i s  l oca t ion  r equ i r e s  much less volume f o r  a given r ad ius  than a t  any o t h e r  

locat ion.  

s i d e  of the  de t ec to r  p lus  any lower energy r a d i a t i o n  t h a t  was s c a t t e r e d  by veh ic l e  

componeiits o r  i n  the  source sh i e ld .  

The s h i e l d  i s  divided i n t o  

The source s h i e l d  which i s  d i r e c t l y  ad jacent  t o  

The d e t e c t o r  s h i e l d  a t t e n u a t e s  any r a d i a t i o n  t h a t  may pene t r a t e  t he  

I n  t h i s  model t h e  s h i e l d  was assumed t o  b e  tungsten because 

of i t s  exce l l en t  g a m - r a y  sh ie ld ing  c h a r a c t e r i s t i c s  and a l s o  because t h i s  w a s  

the  s h i e l d  m a t e r i a l  i n  the  earlier f l i g h t  tests. 

tungsten and f o r  any given s h i e l d  weight, the volume of  sh i e ld ing  i s  j u s t  t he  

weight divided by the  dens i ty .  

the  source and d e t e c t o r  sh i e lds .  

volume determined how the  sh i e ld ing  was placed. 

With t h e  known dens i ty  of  

The volume w a s  then divided i n t o  two p a r t s  f o r  

A f a c t o r  o r  r a t i o  of source volume t o  t o t a l  
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The rad ius  of sh i e ld ing  f o r  t h e  source s h i e l d  i s  given by 

cm r = -  4vl 
1 R t  

3 where v is  volume of source s h i e l d ,  i n  cm , 1 
R is  d e t e c t o r  radius ,  i n  cm, 

and t i s  d e t e c t o r  thickness ,  i n  cm. 

The width of the  d e t e c t o r  s h i e l d  i s  given by 

cm 2 
R t  

V 

x3 = - 
where v is  volume of d e t e c t o r  s h i e l d ,  i n  c d ,  

and R and t are a s  defined above. 

2 

(3.1.4- 1) 

(3.1.4-2) 

The d i r e c t  transmission through the s h i e l d s  i s  composed of two 

p a r t s ,  a t t e n u a t i o n  and buildup i n  the  sh ie ld .  Exponential  a t t e n u a t i o n  i n  t h e  two 

s h i e l d s  i s  given b y  

(3.1.4-3) 

i s  the  a t t e n u a t i o n  f a c t o r  

i s  t h e  t o t a l  a t t e n u a t i o n  c o e f f i c i e n t  of the 

s h i e l d ,  i n  cm , 

t where A 

ps 
-1 

and r and X3 are as defined e a r l i e r .  1 

The ps t e r m  i s  s i m i l a r  t o  the  p term i n  Eq. (3.1.1-2) and i s  given by 
t 

(3.1.4-4) 

where 6 i s  the t o t a l  Compton s c a t t e r i n g  p r o b a b i l i t y  
S 

-1 i n  the s h i e l d ,  i n  cm , 
and T i s  t h e  p h o t o e l e c t r i c  e f f e c t  p r o b a b i l i t y  

S 
-1 i n  t h e  s h i e l d ,  i n  cm . 
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The 6 

(Eq. 3.1.1-2) except t h a t  tungsten i s  used in s t ead  of c o n s t i t u e n t s  of the  atmosphere. 

term i s  computed exac t ly  l i k e  the  Compton s c a t t e r i n g  p r o b a b i l i t y  i n  
S 

The p h o t o e l e c t r i c  e f f e c t  p r o b a b i l i t y  was approximated by the  empir ica l  r e l a t i o n  

b 
T = a E  

S 

-1 cm (3.1.4-5) 

- 
where a and b a r e  empir ica l  cons t an t s  

and E i s  gamma-ray energy, i n  Mev. 

The cons t an t s  a and b were determined by tak ing  known va lues  of t he  pho toe lec t r i c  

c ros s  s e c t i o n s  a t  two energ ies  and so lv ing  the  r e s u l t i n g  equations simultaneously. 

The va lue  f o r  b was determined by us ing  va lues  above t h e  K-edge only. The 

cons tan t  a was found t o  be 0.3285 and b was -2.42. 

The buildup f a c t o r  was determined by us ing  Ch i l ton ' s  ( 9 )  two- 

parameter formula f o r  point-source buildup f ac to r s .  This formula has the  form 

b r  b b  B = l + a  r e P b b  (3.1,4-6) 

where a and b a r e  empir ica l  cons tan ts  

and r is the  source-detector d i s t ance  i n  the  medium i n  mean 

b b 

b 

f r e e  paths. 

The expression f o r  r i s  
b 

- 
'b - 's ' 3  (3.1.4-7) 

where d i s  aga in  the  t o t a l  Compton s c a t t e r i n g  p robab i l i t y ,  
S 

-1 i n  cm , 
and X i s  th ickness  of d e t e c t o r  s h i e l d ,  i n  cm. 3 

The e a r l i e r  experiments ( 4 )  have shown t h a t  t he  only  energ ies  t h a t  a r e  not completely 

a t t enua ted  by the  s h i e l d  a r e  the  ones from high energy contaminants,, Consequently, 

the energ ies  used i n  t h i s  model were from 0.7 Mev up t o  approximately 1,3 MeV. 

Therefore, t he  pho toe lec t r i c  e f f e c t  d id  no t  e n t e r  i n t o  t h i s  ca lcu la t ion .  A l s o ,  
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because of the  smell thickness  of source s h i e l d ,  the d e t e c t o r  s h i e l d  was t h e  only 

one used f o r  the  buildup p a r t  of the  computation. 

from Chi l ton ' s  a r t i c l e  a t  0.5 Mev f o r  tungsten. 

The values  f o r  a and b were taken 

This was assumed t o  be t h e  most: 

r ep resen ta t ive  energy f o r  the  contaminants. 

The d i r e c t  transmission was then found t o  be  a combination of 

the a t t e n u a t i o n  f a c t o r ,  bui ldup f a c t o r ,  source s t rength ,  and t h e  s o l i d  angle. 

Expressed a s  an equation 

D1 = B A S Ab t R  counts lsec.  (3.1.4-8) 
P t  

Z2nD2) 

where B i s  buildup f a c t o r  def ined by Eq. (3.1.4-6), 

A is  a t t e n u a t i o n  f a c t o r  defined by (3.1.4-3), 

S i s  source s t rength ,  i n  d i s i n t e g r a t i o n s l s e c ,  

t i s  d e t e c t o r  thickness ,  i n  cm, 

R is  d e t e c t o r  radius ,  i n  cm, 

D i s  source-detector  d i s tance ,  i n  cm, 

Ab i s  abundance of the contaminant energy. 

P 

t 

and 

This model was programmed i n  FORTRAN II and run  on t h e  Bunker- 

Ram0 340 computero A set of computations took only f r a c t i o n s  of a second. 

3.1.5 Detector E f f i c i ency  Model 

I n  the e a r l i e r  d i scuss ions  of t h e  s i g n a l  response model and w a l l  

streaming response model t h e  f i n a l  p r o b a b i l i t i e s ,  P and Ps, respec t ive ly ,  were seen 

to  be the d e t e c t o r  e f f i c i e n c y  or the  p r o b a b i l i t y  t h a t  the  gamma ray which i n t e r c e p t s  

t h e  de t ec to r  w i l l  g ive  rise t o  a measured pulse.  

of t h e  d e t e c t o r  s i z e  and material, the gamma-ray energy, and t h e  d i sc r imina to r  

s e t t i n g s  on the e l e c t r o n i c s  used t o  process  t h e  pu l ses  from t h e  detector .  

4 

This p r o b a b i l i t y  i s  a func t ion  

For a 

given d e t e c t o r  w i th  f ixed  d i sc r imina to r  s e t t i n g s ,  t h i s  p r o b a b i l i t y  which w i l l  be 

c a l l e d  P he re  is given by: 5 

P5 = f(E) (3.1.5-1) 
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where f(E)  i s  a func t ion  of t he  gamma-ray energy, 

S ince  the  primary i n t e r e s t  i n  t h i s  program is  i n  the  use  of  

s c i n t i l l a t i n g  c r y s t a l s  f o r  de t ec t ion ,  a genera l ized  form of f (E)  w a s  derived f o r  

t h i s  case. For a more d e t a i l e d  d iscuss ion  of t h i s  model see Appendix A, 

3.1.6 Detector  So l id  Angle Model - 
The d e t e c t o r  i n  the  s i g n a l  response and wa l l  s t reaming response 

models was assumed t o  be  a r i g h t  c y l i n d r i c a l  NaI (Tl )  c r y s t a l .  The c i r c u l a r  d e t e c t o r  

f ace  subtended a s o l i d  angle  which depended on the  loca t ion  of  t he  de t ec to r  i n  

r e l a t i o n  t o  the s c a t t e r e d  gamma rays,, 

t he  f r a c t i o n a l  number of  gamma rays  emit ted from a po in t  source t h a t  was in t e rcep ted  

by the c i r c u l a r  f ace  of  the de t ec to r .  

This phys ica l ly  corresponded t o  determining 

Zumwa 1 t t r e a t e d  t h i s  s i t u a t i o n ,  b u t  i t  was found t h a t  h i s  

series s o l u t i o n  d id  not  converge r a p i d l y  f o r  a l l  d e t e c t o r  pos i t ions .  

an a l t e r n a t e  series so lu t ion  t h a t  d id  converge r ap id ly  f o r  all d e t e c t o r  pos i t i ons  

was developed. 

For a d e t a i l e d  d iscuss ion  o f  t h i s  model see Appendix B. 

Consequently, 

This  a l t e r n a t e  so lu t ion  was e a s i l y  programmed f o r  a d i g i t a l  computer, 

The model discussed i n  Appendix B represented p a r t  o f  the F term 

i n  Eq. (3.1.1-4) and the  equiva len t  equat ion i n  the  wa l l  streaming response model. 

The remaining p a r t  of F was the  t o t a l  s o l i d  angle  between the  8, and 0 

defined i n  Eq. (3e1.1-4)0 Therefore F can be  expressed a s :  

angles  a s  
2 

R 
F =  2% (COS el - COS e2) (3.1.6-1) 

where R i s  given by Eq. (B-5) 

and 0 and 8 a r e  as defined i n  Eq. (3.1.1-4). 1 2 
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3.2 Model Predictions 

In this section model predictions for signal and wall streaming gauge 

responses are presented for comparison with the two-dimensional results obtained 

Q previously. The purpose of obtaining these predictions is to determine if the 

three-dimensional models are accurate and to determine if any significant differences 

between these models and the two-dimensional ones exist. To accomplish these 

two objectives the following predictions have been made: (1) signal response to 

atmospheric density, (2) signal response as a function of scattering distance, 

(3 )  signal response to variations in atmospheric composition, ( 4 )  signal response 

to shock wave density perturbations, and (5) signal and wall streaming response 

to two wall materials and thicknesses as a function of gamma-ray source energy. 

Unless otherwise stated the gauge dimensions used in the predictions are those 

listed in Table 3-2 which are those expected for the Mars atmosphere density 

sensor 

3,2 .1  Signal Response to Atmospheric Density 

The response of the signal predicted by the model outlined in 

Section 3.1.1 for the gauge dimensions given in Table 3-2 is linear with atmos- 

pheric density over the maximum range of atmospheric densities expected on the 

surface of Mars. This is obviously true since the attenuation of the gamma rays 

for this atmospheric density range could be neglected (see Section 3.1.1) .  

predicted signal responses as a function of altitude for NASA Models VM-8 and 

VM-9 are given in Fig, 3-3 for a source energy of 100 Kev and discriminator 

settings of 65 and 115 Kev. These two models represent the maximum and minimum 

densities expected on the surface of Mars. 

models as a function of altitude are given in Fig. 3-4. 

The 

The atmospheric densities of these 

The fact that the predicted gauge response is linear with 

atmospheric density allows one to significantly reduce the number of model 
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c a l c u l a t i o n s  t h a t  a r e  necessary i n  the s tudy of the  gamma-ray technique. 

r e s u l t  obtained a t  one dens i ty  i s  e a s i l y  converted t o  t h a t  a t  any o t h e r  dens i ty  

i n  the  range of i n t e r e s t  by mul t ip ly ing  by t h e  r a t i o  of t he  des i r ed  dens i ty  t o  t h a t  

used i n  the  ca l cu la t ion .  

The 

3.2.2 Signa l  Response a s  a Function of Distance from Sensor 

To i l l u s t r a t e  t h e  effective sample volume of t he  g a m - r a y  s c a t t e r  

gauge, the  response a s  a func t ion  of d i s t ance  from t h e  source has  been ca lcu la ted .  

F igures  3-5A and 3-5B g ive  the  number of g a m  rays  t h a t  a r e  s c a t t e r e d  from any 

po in t  and a r e  eventua l ly  de tec ted  out  of 10,000 t o t a l  g a m  rays  detected.  The 

gauge parameters used i n  t h i s  c a l c u l a t i o n  a r e  those given i n  Table 3-2 with  a 

source energy of  100 Kev, a d e t e c t o r  e f f i c i e n c y  equal  t o  the  t o t a l  e f f i c i e n c y  of a 

2" x 2" NaI(T1) c r y s t a l ,  and an atmospheric dens i ty  of 2 x 10 -5 3 
g/cm 

The maximum number of  gamma rays  de tec ted  a r e  a t  a d i s t ance  of 

about  120 cm and the  number de t ec t ed  approach zero asymptot ical ly  a s  d i s t ance  i s  

increased.  Since the re  i s  n e g l i g i b l e  a t t enua t ion  by the  atmosphere f o r  t he  dens i ty  

range of i n t e r e s t  on the  su r face  of Mars, t h e  response a s  a func t ion  of d i s t ance  

shown i n  Figs. 3-5A and 3-5B i s  independent of  dens i ty .  The response a s  a func t ion  

of d i s t ance  would be expected t o  vary only s l i g h t l y  with o the r  parameters such a s  

source- to-detector  d i s tance ,  source energy, and de tec to r  d i scr imina tor  s e t t i n g s .  

3.2.3 Signal  Response t o  Var ia t ions  i n  Atmospheric Composition 

Previous s t u d i e s  (3) i nd ica t ed  t h a t  t he  response of t h e  gamma-ray 

s c a t t e r  gauge i s  a f f e c t e d  s i g n i f i c a n t l y  by v a r i a t i o n s  i n  atmospheric composition 

a t  a dens i ty  equal  t o  t h a t  a t  sea level on Ear th  when gamma-ray energies  less than 

about 100 Kev a r e  employed. This e f f e c t  i s  due t o  v a r i a t i o n s  i n  the  a t t enua t ion  of 

atmospheres of d i f f e r e n t  composition which i s  caused pr imar i ly  by v a r i a t i o n s  i n  the  

pho toe lec t r i c  e f f e c t  i n t e r a c t i o n  (complete absorpt ion) .  S ince  the  atmospheric 

dens i ty  l i k e l y  t o  be encountered on Mars is  much lower than t h a t  on Ear th  by a 

f a c t o r  of  about 50, gama-ray  a t t enua t ion  by the  atmosphere can be neglected. This  
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means t h a t  t h e r e  i s  no v a r i a t i o n  i n  gamma-ray s c a t t e r  gauge response except t h a t  

small  amount due t o  t h e  s l i g h t  v a r i a t i o n  i n  the  r a t i o  of atomic number t o  atomic 

mass ( Z / A ) .  

I n  t h e  case  of t h e  Mars atmosphere, t h i s  v a r i a t i o n  i s  a t  a 

maximum value f o r  t h e  l a r g e s t  v a r i a t i o n  of argon percentage i n  t h e  atmosphere s i n c e  

the  Z/A r a t i o  f o r  argon i s  most d i f f e r e n t  from the  o t h e r  e lements  l i k e l y  t o  be 

a 
found i n  the  Mars atmosphere. The maximum e f f e c t  is obtained by consider ing the 

response t o  the  NASA Model VM-6 Mars atmosphere i n  comparison t o  the  NASA Model 

VM-8 a t  the same d e n s i t i e s .  The d i f f e r e n c e  between t h e  two responses i s  3.2% 

which i s  j u s t  the  d i f f e rence  i n  the average Z/A r a t i o .  

e f f e c t  t o  be  expected i n  atmospheric dens i ty  measurements on the  su r face  of Mars. 

This i s  t h e  maximum 

3.2.4 Signal  Response t o  Density Variat ions Induced by Shock Waves 

The response of t h e  g a m - r a y  backsca t t e r  gauge t o  shock wave 

dens i ty  pe r tu rba t ions  was determined by using the  s i g n a l  response model t o  calculate .  

the response f o r  two hypothet ical  shock waves represent ing the maximum shock wave 

pe r tu rba t ion  a t  two atmospheric dens i ty  extremes. These responses a r e  compared 

t o  the response predicted when no shock wave i s  present .  The dens i ty  change of 

the hypo the t i ca l  shock waves was assumed t o  be of uniform thickness  above the  

spacec ra f t  ou ter  w a l l  and of uniform densi ty .  For the  low dens i ty  case (atmos- 

3 pher i c  dens i ty  = 1.8 x g/cm ) t h e  shock wave s tandoff  d i s t ance  was taken 

as 24 cm and t h e  d e n s i t y  behind a shock wave was taken a s  1.1 x 10 g/cm o r  

6.0 t i m e s  higher  than the  ambient densi ty .  

dens i ty  = 2.6 x 

and the d e n s i t y  behind the  shock wave was taken a s  1.0 x g/cm o r  3.86 

-6 3 

For the  high dens i ty  case (atmospheric 

3 g/cm ) the  shock wave s tandoff  d i s t a n c e  was taken a s  120 c m  
3 

times higher  than the ambient densi ty .  

Table 3-2 wi th  a source energy of 100 Kev and upper and lower d i sc r imina to r  

The gauge parameters a r e  a s  shown i n  

s e t t i n g s  of 115 and 65 Kev, respec t ive ly .  
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Three d i f f e r e n t  source co l l ima t ion  angles  were employed i n  the  

c a l c u l a t i o n s  t o  s tudy t h e  e f f e c t  of co l l ima t ion  on the  v a r i a t i o n  of response 

induced by shock wave d e n s i t y  pe r tu rba t ions .  The r e s u l t s  of these  c a l c u l a t i o n s  

a r e  given i n  Table 3-4.  They i n d i c a t e  t h a t  the  e f f e c t  of the shock wave dens i ty  

pe r tu rba t ions  i s  very s i g n i f i c a n t  f o r  both hypo the t i ca l  shock waves. 

i n d i c a t e  t h a t  col l imat ion of t h e  source i s  somewhat e f f e c t i v e  i n  minimizing t h i s  

They a l s o  

e f f e c t .  However, a s i g n i f i c a n t  amount of t o t a l  response i s  l o s t  when col l imat ion 

i s  employed. 

I 

By s t r i n g e n t l y  col l imat ing both the source and d e t e c t o r  s o  t h a t  

only gamma rays t h a t  s c a t t e r e d  from ou t s ide  of t h e  shock wave could be detected,  

one could ( t h e o r e t i c a l l y )  completely e l imina te  t h e  e f f e c t  of shock wave dens i ty  

pe r tu rba t ions .  This i s  only t r u e  f o r  atmospheric d e n s i t i e s  low enough so t h a t  

one may neg lec t  a t t enua t ion ,  such a s  i s  t h e  case on t h e  su r face  of Mars. However, 

such s t r i n g e n t  co l l ima t ion  could only be accomplished with very la rge  a t t endan t  

l o s s e s  of t o t a l  s i g n a l  and with much heavier  co l l ima t ion  shielding.  An a l t e r n a t e  

method of e l imina t ing  t h i s  e f f e c t  might be t o  use two gauges simultaneously o r  to  

use the mathematical models developed he re  i n  conjunction with o ther  da ta  known 

about the  en t ry  path of the spacecraf t .  

3.2.5 Signal  and Wall Streaming Response a s  a Function of Source Energy 

Since t h e  s i g n a l  response i s  independent of atmospheric a t t e n u a t i o n  

i t  depends p r imar i ly  on t h e  Compton s c a t t e r i n g  c ross  s e c t i o n  f o r  a given gauge 

configurat ion.  The v a r i a t i o n  of the s i g n a l  response a s  a funct ion of source energy 

i s  shown i n  Fig. 3 - 6 .  The s i g n a l  responses given a r e  f o r  the  gauge parameters 

given i n  Table 3-2 with the d e t e c t o r  e f f i c i e n c y  taken a s  the  t o t a l  e f f i c i e n c y  of a 

2" x 2" NaI(T1) c r y s t a l  and the NASA Model VM-6 Mars atmosphere with a dens i ty  of 

1.8 x g/cm These c a l c u l a t i o n s  a r e  f o r  t h e  phenolic spacec ra f t  wal l  

described i n  Table 3-2. The r e s u l t s  a r e  l i s t e d  i n  Table 3-5. 

3 

The wa l l  streaming response depends s t rong ly  on a t t enua t ion  down 

the spacec ra f t  wal l  and on the w a l l  thickness  a v a i l a b l e  f o r  s c a t t e r i n g .  Therefore, 
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the  wa l l  streaming response depends on the  m a t e r i a l  composition, dens i ty ,  and thick-  

ness  of the spacec ra f t  wall .  Calculat ions f o r  the  w a l l  streaming €or t h e  two space- 

c r a f t  wa l l s  described i n  Table 3-2 €or the  gauge parameters used i n  c a l c u l a t i n g  the  

s i g n a l  response a r e  l i s t e d  i n  Table 3-6. 

p l o t t e d  i n  Fig. 3-6 f o r  comparison t o  the  s i g n a l  response. 

The r e s u l t s  f o r  t h e  phenolic w a l l  a r e  

It i s  seen t h a t  t h e  p red ic t ed  s i g n a l  response inc reases  monotoni- 

c a l l y  with decreasing source energy down t o  10 Kev while t h e  predicted w a l l  stream- 

i n g  response e x h i b i t s  a maximum value a t  a source energy of about 1 MeV. This 

seems t o  i n d i c a t e  t h a t  f o r  a maximum signal- to-noise  r a t i o ,  one wou d p i ck  a source 

energy a s  low a s  possible .  However, i t  should be pointed out  t h a t  t h e r e  a r e  

s e v e r a l  complicating circumstances t o  t h i s  conclusion. One i s  t h a t  no d i sc r imina to r  

s e t t i n g s  a r e  used i n  these c a l c u l a t i o n s ,  so i t  i s  n o t  poss ib l e  t o  a s c e r t a i n  the 

e f f e c t  t h a t  optimizing the  d i sc r imina to r  s e t t i n g s  would have on the  s igna l - to -  

noise  r a t i o .  Another considerat ion i s  t h a t  wa l l  streaming i s  not the  s o l e  source 

of noise.  

f o r  a mul t iva r i ab le  search rou t ine  i n  optimizing t h e  gauge configurat ion.  

shown l a t e r  i n  Sect ion 4 t h a t  an optimum source energy occurs a t  76 o r  110 Kev 

depending upon the  source- to-detector  d i s t a n c e  and o ther  gauge parameters chosen. 

These f a c t o r s  a r e  a l l  highly interdependent and po in t  out  the  need 

It i s  

3.3 Summary Discussion of Model P red ic t ions  

The three-dimensional model p red ic t ions  given he re  a r e  cons i s t en t  with the 

two-dimensional models previously derived (3)  and experimentally v e r i f i e d  ( 4 )  

These models must b e  assumed t o  be accu ra t e  based on t h i s  comparison. 

d i f f e rence  between these  r e s u l t s  and those obtained previously i s  due t o  the 

d i f f e r e n t  atmospheric dens i ty  ranges being considered. 

maximum expected atmospheric dens i ty  on Mars i s  about 50 t i m e s  less dense than 

t h a t  a t  sea l e v e l  on Earth. 

and from t h e  s c a t t e r i n g  point  i s  n e g l i g i b l e  f o r  a Mars atmospheric d e n s i t y  sensor.  

This means t h a t  the e f f e c t  of atmospheric composition v a r i a t i o n s  w i l l  be small. 

The primary 

I n  t h e  p re sen t  ca se  t h e  

This means t h a t  t h e  a t t e n u a t i o n  of g a m  rays t o  
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The most s e r i o u s  problem area ind ica t ed  by c a l c u l a t i o n s  with the  three- 

dimensional models i s  the  e f f e c t  of d e n s i t y  pe r tu rba t ions  caused by shock waves. 

Since a t t e n u a t i o n  i s  n e g l i g i b l e  i n  t h e  d e n s i t y  range of i n t e r e s t  on Mars, one 

could t h e o r e t i c a l l y  e l imina te  t h i s  e f f e c t  by extreme co l l ima t ion  of t h e  source 

and de tec tor .  

weights and a considerable  loss  of t o t a l  s igna l .  

e l imina t ing  t h i s  e f f e c t  o t h e r  than by col l imat ion:  (1) t h e  simultaneous use of 

two gauges with d i f f e r e n t  co l l ima t ion  designs and (2)  t h e  use of the  mathematical 

However, t h i s  amount of co l l ima t ion  would r e q u i r e  g r e a t e r  s h i e l d  

Two p o s s i b i l i t i e s  e x i s t  f o r  

models developed he re  with a d d i t i o n a l  information on the spacec ra f t  e n t r y  path to  

c o r r e c t  the  e f f e c t  by computation. 

yet.  

These techniques have not been s tud ied  a s  

When d i sc r imina to r s  a r e  no t  employed and t h e  c o n t r o l l i n g  source of noise  

i s  assumed t o  be w a l l  streaming, 

obtained a t  the  lowest poss ib l e  gamma-ray source energy., This simple a n a l y s i s  

neg lec t s  two important considerat ions.  

a n a l y s i s  change when: (1) optimum d i sc r imina to r  s e t t i n g s  a r e  employed, and 

( 2 )  wal l  streaming is  not  the c o n t r o l l i n g  source of noise. 

energy of 76 o r  110 Kev i s  found by the  search r o u t i n e  described i n  Sect ion 4 ,  

This r e s u l t  demonstrates the  need f o r  a mul t iva r i ab le  sea rch  rou t ine  capable of 

handling the complex i n t e r r e l a t i o n s h i p s  of the  parameters involved i n  optimizing 

the gamma-ray sensor  design. 

t h e  maximum signal- to-noise  r a t i o  would be 

These a r e  t h a t  the  r e s u l t s  of the 

An optimum source 

A d e s c r i p t i o n  of a master computer program to  optimize the  design of a 

Mars atmosphere gauge and t h e  r e s u l t s  of the  opt imizat ion design a r e  given i n  the  

next sect ion.  
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4. MULTIVARIABLE SEARCH ROUTINE 

The f i n a l  ob jec t ive  of the present  s tudy was t o  use computer programs t o  op t i -  

mize a gauge f o r  i n s t a l l a t i o n  on a Mars atmosphere gauge. 

t he  design arrangement must be the  f i r s t  th ing  chosen, For t h i s  case  t h i s  arrange- 

ment was d i c t a t e d  by the  Mars atmosphere gauge configurat ion.  Secondly, t h e  proper 

func t ion  t o  be maximized ( o r  minimized) must b e  se lec ted .  

s igna l - to-noise  r a t i o  f o r  the gamma gauge, 

I n  a design opt imizat ion,  

This was obviously the  

.. 

Since the re  must be a marriage between the  mathematical models and t h e  

opt imiza t ion  technique, the choice of technique must be kept  i n  mind while  the 

modeling i s  i n  progress .  A small change i n  the  model may permit use of a 

quicker  o r  m o r e ' e f f i c i e n t  op t imiza t ion  technique. For t h i s  study the Rosenbrock (5 1 

technique f o r  f ind ing  the  g r e a t e s t  o r  l e a s t  value of a func t ion  of s eve ra l  

va r i ab le s  was used. 

i t  with the three-dimensional models a r e  discussed i n  t h i s  sec t ion .  The three-  

dimensional models f o r  s i g n a l  and noise  were discussed i n  Sec t ion  3 and the re fo re  

are not discussed f u r t h e r  here.  

This technique and the  master computer program f o r  combining 

4.1. Master Optimization ProRram 

The master computer program f o r  opt imizing the atmospheric dens i ty  gauge 

cons is ted  of an input  program, a se tup  subrout ine  f o r  c a l l i n g  the Rosenbrock 

search,  the  Rosenbrock subrout ine,  a subrout ine ca l l ed  by the  Rosenbrock t h a t  

conta ins  the  func t ion  to  be minimized, and subrout ines  f o r  ca l cu la t ing  the bas i c  

s igna l ,  wa l l  streaming, cosmic rays,  d i r e c t  transmission, e f f i c i ency ,  and one of 

t he  s o l i d  angles  subtended. These l a t t e r  six subrout ines  were descr ibed i n  Sec t ion  3. 

The r e l a t i o n  of these  subrout ines  and program t o  e f f e c t  an  opt imiza t ion  can be 

explained b e s t  by again examining the schematic diagram of general  mathematical 

model op t imiza t ions  shown i n  Fig.  2-1. 

The cons t r a in t s  shown a s  (1) i n  t h e  f i g u r e  d i c t a t e d  the model 

arrangements f o r  c e r t a i n  cases  and i n  o the r s ,  c o n t r o l l i n g  dimensions such a s  the  

source- to-detector  d i s t ance ,  gamma-ray energq and minimum and maximum col l imat ion 
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angles  i n  two p lanes  were read i n t o  the inpu t  program. The se tup  subrout ine  

determined which parameters were a d j u s t a b l e  f o r  t h e  case under considerat ion.  

This i s  represented by ( 2 )  i n  Fig. 2-1. The Rosenbrock subrout ine  which i s  t h e  

search  rou t ine  of Fig. 2-1  was then  ca l l ed .  This  subrout ine  then used the  

subrout ine t h a t  contained the  func t ion  t o  be  minimized, o r  t h e  va lue  of c r i t e r i o n  

i n  Fig. 2-1. The mathematical models, (3)  i n  Fig. 2-1, were used by t h e  value 

of c r i t e r i o n  subrout ine  t o  c a l c u l a t e  each of the  sources  of no ise .  The no i se  was 

then determined by summing the  cosmic, d i r e c t ,  and w a l l  streaming responses and the 

r a t i o  of t h i s  va lue  t o  t h e  s i g n a l  was computed. This  c r i t e r i o n  w a s  then compared 

with the  previous va lue  and i f  i t  were smaller, the  parameters were ad jus ted  

f u r t h e r  i n  the  same manner a s  o r i g i n a l l y  and the  procedure was dupl ica ted .  This  

procedure was continued u n t i l  the  new c r i t e r i o n  was l a r g e r  than the previous one 

o r  u n t i l  the  noise- to-s igna l  r a t i o  became negat ive which of course was phys ica l ly  

impossible. I f  the  c r i t e r i o n  were l a r g e r  than t h e  previous one, the  program 

adjus ted  t h e  parameters i n  the  oppos i te  manner t o  e f f e c t  a lower c r i t e r i o n .  The 

d e t a i l s  of the  adjustment of parameters and t h e i r  l imi t ing  va lues  a r e  discussed 

i n  subsec t ion  4.2 .  

For t h i s  study, n ine  v a r i a b l e s  were o r i g i n a l l y  considered f o r  

opt imizat ion.  These v a r i a b l e s  were source- to -de tec tor  d i s t ance ,  de t ec to r  r ad ius  

and th ickness ,  upper and lower d iscr imina tor  s e t t i n g s  on the  e l e c t r o n i c s ,  g a m -  

ray energy, and minimum and maximum col l imat ion  angles  i n  two planes. Later, i t  

was found t h a t  c e r t a i n  v a r i a b l e s  such as the  co l l imat ion  angles ,  de t ec to r  s ize ,  

and g a m - r a y  energy were e s s e n t i a l l y  f ixed  by design considerat ions.  

of t h i s  p r i n c i p l e  was the  s e l e c t i o n  of a r a d i a t i o n  source which au tomat ica l ly  

determined the  g a m - r a y  energy. Gamma-ray energy, t he  presence of  high-energy 

contaminants, ease  of manufacture, and c o s t  c e r e  a few cons idera t ions  t h a t  determined 

which sources  would be used. The most l i k e l y  candidates  were found t o  be Gd 

o r  Eu155 which both e m i t  l o w  gamma-ray energies .  Thus one of the ad jus t ab le  

One example 

153 
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parameters was el iminated by t h i s  source se l ec t ion ,  

ad j u s t a b l e  parameters s impl i f i ed  the  computer program s u b s t a n t i a l l y  because each 

of the parameters was ad jus ted  one a t  a t i m e .  The d e t a i l s  of the Rosenbrock 

technique and i t s  manner of ad jus t ing  these parameters a r e  given i n  the following 

subsect ion.  

Reducing the  number of 

Af t e r  the  parameters were ad jus ted  u n t i l  a minimum value of c r i t e r i o n  

was found, the program se l ec t ed  the optimum values  of parameters, (6) i n  Fig. 2-1, 

which were the output  of the program. These optimum parameters were used t o  

e f f e c t  the optimum gauge f o r  each of s eve ra l  d i f f e r e n t  designs.  

the  optimized va r i ab le s ,  c e r t a i n  o the r  parameters such a s  s h i e l d  weight, atmospheric 

composition, and veh ic l e  s k i n  ma te r i a l s  had t o  be s tudied  t o  optimize the  gauge 

design. Shie ld  weights of 500, 1000, and 2000 grams were used t o  determine the  

optimum design f o r  each weight and from t h i s  the  optimum weight. 

composition and dens i ty  were a l s o  va r i ed  i n  an e f f o r t  t o  determine t h e i r  e f f e c t  on 

an optimum gauge. 

and an examination of t he  var ious  designs should determine the  b e s t  parameters t o  

use 

I n  add i t ion  t o  

Atmospheric 

Thus, f o r  each f ixed  parameter, an optimum design was determined 

4.2 Rosenbrock Search Technique 

The search rout ine  t h a t  was used i n  the opt imizat ion program was the  

automatic method of f ind ing  the g r e a t e s t  o r  l e a s t  va lue  of a func t ion  due t o  

Rosenbrock (5)0 

arose  from a need t o  design chemical processes  so t h a t  they produce the most 

economical r e s u l t .  During the development of t h i s  work, Rosenbrock states t h a t  

over f i f t y  d i f f e r e n t  programs were run. 

program f o r  Mercury, 

This technique was developed f o r  use on a d i g i t a l  computer and 

The technique was incorporated i n t o  a 

The primary m e r i t  of  t h i s  technique i s  t h a t  of or thogonal iz ing the  

space and r o t a t i n g  the coordinates  of t he  search  t o  l i n e  up with a ridge.  This 

procedure e l imina tes  most of the i n t e r a c t i o n s  between t h e  design parameters and 

e f f e c t s  exce l l en t  r idge  following. 
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The parameters a r e  changed i n  turn ,  reducing the  va lue  of c r i t e r i o n  

a s  f a r  a s  poss ib l e  wi th  each v a r i a b l e  and then passing on t o  t h e  next. 

l ength  of s t e p  t o  be  taken i n  any des i r ed  d i r e c t i o n ,  assuming t h i s  d i r e c t i o n  t o  

The 

be known, was decided a r b i t r a r i l y  t o  be e. I f  t h i s  r e s u l t e d  i n  a success  ( ioe . ,  lower 

minimum) e was mul t ip l i ed  by a >  1. I f  i t  f a i l e d ,  e was mul t ip l i ed  by a va lue  

-p  where 0 < p < 1. Therefore  i f  e were i n i t i a l l y  so smal l  t h a t  i t  made no change 

i n  the  c r i t e r i o n ,  i t  was increased on the  next a t tempt .  Each of the a t tempts  w i l l  

be  c a l l e d  a " t r i a l " .  

- 

* 

The next  problem was t o  decide when and how t o  change the  d i r e c t i o n s  

i n  which the s t e p s  e are taken, It w a s  necessary t o  examine neighboring po in t s  i n  

each of n d i r e c t i o n s ,  i n  order  t o  determine which i s  the  b e s t  d i r e c t i o n  t o  

advance. I n  t h i s  technique i t  w a s  decided t o  make one t r i a l ,  of the  kind descr ibed 

above, i n  each of the  n d i r e c t i o n s  i n  turn .  The method f o r  determining the  po in t  a t  

which t o  compute new d i r e c t i o n s  was t o  go on u n t i l  a t  l e a s t  one t r i a l  had been 

successfu l  i n  each d i r e c t i o n ,  and one had failed., 

The va lues  f o r  a and (3 were determined by making a set of ca l cu la t ions  

of 200 t r i a l s .  Rosenbrock s t a t e s  t h a t  too g rea t  refinement i s  not  j u s t i f i e d  s i n c e  

the r e s u l t s  must depend t o  some ex ten t  on the  p a r t i c u l a r  problem. Values o f  a = 3 

and p = 0.5 were o r i g i n a l l y  t r i e d ;  however, i t  was found t h a t  o t h e r  va lues  e f f ec t ed  

a quicker  convergence so  t h a t  the f i n a l  va lues  used he re  were a = 5 and (3 = 0.3, 

One of t he  major problems i n  the  Rosenbrock method i s  i n  t h e  

app l i ca t ion  of l i m i t s  on the  r e a l  va r i ab le s .  This  is  shared wi th  a l l  methods 

which use a transformed space. Rosenbrock recognized t h i s  d i f f i c u l t y  and 

attempted t o  overcome i t  by applying penal ty  f a c t o r s .  These pena l ty  f a c t o r s  

c rea ted  o t h e r  d i f f i c u l t i e s  which are not  e a s i l y  overcome. 

The answer appears to  be t h a t  l i m i t s  must be  t e s t e d  and used i n  the space 

where they apply. Any move t h a t  causes t h e  c r i t e r i o n  t o  exceed a p r e s e t  l imi t ing  

value is  an  automatic f a i l u r e .  This  technique has  been used success fu l ly  wi th  o t h e r  
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search techniques,  provides abso lu te  bounding of the  problem space,  and e l imina te s  

a computation of the  performance index f o r  each move which exceeds a boundary. 

I n  the course of the  p re sen t  s tudy,  limits o r i g i n a l l y  were p u t  on s e v e r a l  

of the va r i ab le s .  

d i r e c t i o n  and keep r e tu rn ing  t o  the  l i m i t s .  

around t h i s  "loop" and would never output  optimum parameters. 

by removing the  l i m i t s  from t h e  v a r i a b l e s  and l e t t i n g  t h e  computer f i n d  t h e  

However, i t  was found t h a t  the  computer would t r y  another  

Consequently, i t  would continue t o  go - 
This was handled 

optimum value r ega rd le s s  of i t s  value.  

phys i ca l ly  imprac t i ca l ,  t h i s  parameter was "fixed" and the  computer was then allowed 

t o  search on t h e  remaining va r i ab le s .  

Then i t  was examined and i f  i t  were 

An example of t h i s  exceeding of p r a c t i c a l  limits can be  seen i n  

Table 4-1 where t h e  source- to-detector  d i s t a n c e  was approximately 554 cm. This 

was because of the low d e n s i t y  wal l  m a t e r i a l  which r e s u l t e d  i n  a high wa l l  streaming 

response. Therefore t o  reduce t h i s  streaming response and e f f e c t  a minimum noise- 

to-s ignal  r a t i o  t h e  program pushed t h e  source-to-detector d i s t a n c e  v a r i a b l e  to  the 

la rge  554 cm value. The maximum allowabLe was s t a t e d  by NASA t o  be 50 t o  150 cm 

so the  v a r i a b l e  was f ixed  a t  each of 50, 100, and 150 c m  and the search was made 

on the remaining var iab les .  

The o t h e r  major l i m i t  t h a t  was imposed i n  t h i s  study was t o  r e q u i r e  the  

noise- to-s ignal  r a t i o  t o  remain pos i t ive .  

d id  i f  the d i r e c t i o n  t r i e d  was e f f e c t i n g  smaller minimums) the program w a s  terminated. 

This i s  one of the  weaknesses of t h i s  s tudy and could be  overcome by going back and 

changing t h e  va lues  of a a n d  

If t h i s  r a t i o  became negat ive (which i t  

t o  f i n d  more optimum r e s u l t s .  The number of " t r i a l s 1 '  

t h a t  were made i n  each of the  design cases va r i ed ,  b u t  u s u a l l y  was around 25. 

Another l i m i t a t i o n  of t h e  Rosenbrock a s  with many o t h e r  search r o u t i n e s  

i s  t h a t  a func t ion  with only one maximum o r  m i n i m  can be  accu ra t e ly  optimized. 

Points  of i n f l e c t i o n  w i l l  r e s u l t  a s  t h e  optimum value i f  the  technique f i n d s  one. 

Therefore the  technique should be used only f o r  smooth functions.  

checking t o  see i f  the  "minimum" o r  "maximum,"is t r u l y  the r e a l  one i s  t o  s t a r t  

One way of 
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the  v a r i a b l e s  a t  a low va lue  and then a t  a high value.  I f  they both converge t o  

the same po in t  the  r e s u l t  i s  accepted a s  a t r u e  minimum o r  maximum. 

4 . 3  Optimization Resul ts  

As s t a t e d  i n  Sect ion 4.1 c e r t a i n  gauge parameters were found t o  be f ixed 

by spacec ra f t  design considerat ions o r  by s t a t e -o f - the -a r t  development of the  

gauge components. Included i n  t h i s  category a r e :  

thickness ,  t o t a l  gauge weight and volume, the  use of s c i n t i l l a t i o n  c r y s t a l -  

photomult ipl ier  d e t e c t o r s ,  and gauge performance c h a r a c t e r i s t i c s  such as required 

response t i m e  and accuracy. 

spacec ra f t  wa l l  m a t e r i a l  and 

* 

The v a r i a b l e  gauge design parameters t h a t  remain 

include: (1) d i s t a n c e  of source and d e t e c t o r  from the w a l l ,  (2 )  source i n t e n s i t y ,  

( 3 )  d e t e c t o r  ma te r i a l ,  ( 4 )  d e t e c t o r  diameter, (5) source col l imat ion angles ,  

(6)  d e t e c t o r  col l imat ion angles ,  ( 7 )  s h i e l d  weight, (8) d e t e c t o r  thickness,  

( 9 )  source energy, (10) source- to-detector  d i s tance ,  (11) lower d i sc r imina to r  s e t t i n g ,  

and ( 1 2 )  upper d i sc r imina to r  s e t t i n g .  

Theoret ical ly ,  one could search a l l  of these twelve gauge design 

parameters f o r  the optimum gauge design. However, searching on twelve parameters 

with the complexity of the  mathematical models described i n  Sect ion 3,1 would 

r equ i r e  an ino rd ina te  amount of computer t i m e .  Some of t h e  twelve gauge design 

parameters a r e  i n t u i t i v e l y  known t o  have only a s l i g h t  e f f e c t  on t h e  gauge 

performance and o t h e r s  a r e  constrained by o ther  p r a c t i c a l  l imi ta t ions .  

The f i r s t  f i v e  of the twelve v a r i a b l e  gauge design parameters were f ixed  

s i n c e  they were not  expected t o  s i g n i f i c a n t l y  a f f e c t  the gauge performance, The 

d i s t ance  of t h e  source and d e t e c t o r  t o  the  spacec ra f t  wa l l  was f ixed  a t  5 cm. 

Increases  i n  the  source i n t e n s i t y  would obviously improve the gauge performance 

up t o  the  po in t  t h a t  the  no i se  l e v e l  i s  con t ro l l ed  by the  source i n t e n s i t y .  A 

reasonable source i n t e n s i t y  f o r  t h e  Mars atmospheric measurement appears t o  be 

20 cur ies .  Therefore, t h e  source i n t e n s i t y  was f ixed  a t  t h i s  value,  The 

s c i n t i l l a t i o n  d e t e c t o r  mater ia1 was assumed t o  be NaI(T1). For t h i s  study inc reases  
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i n  d e t e c t o r  diameter would tend t o  inc rease  both the s i g n a l  and the  noise  by propor- 

t i o n a t e  amounts. Therefore, t h e  d e t e c t o r  diameter w a s  f ixed  a t  4 inches. The 

d e t e c t o r  co l l ima t ion  angles  would be  expected t o  a f f e c t  t h e  gauge performance, b u t  

the  amount of s h i e l d i n g  necessary t o  accomplish any s i g n i f i c a n t  amount of 

co l l ima t ion  would probably be p roh ib i t i ve .  Therefore, the d e t e c t o r  was l e f t  

uncollimated f o r  a l l  p red ic t ions .  

The e f f e c t  of the next two gauge design parameters, d e t e c t o r  co l l ima t ion  

and s h i e l d  weight, can e a s i l y  be examined by taking s e v e r a l  d i s c r e t e  values  of 

each. 

Even though these  two parameters a r e  f ixed  by the  spacec ra f t  design, the  p a r t i c u l a r  

design of the  spacec ra f t  wal l  ( laminat ion of a thickness  of phenolic heat  s h i e l d  

and a thickness  of aluminum s t r u c t u r e )  could not  be e a s i l y  incorporated i n t o  the  

mathematical models. It was therefore  decided t o  examine t h e  laminated thicknesses 

sepa ra t e ly  t o  determine the  e f f e c t  of each lamination. Hopefully, one o r  the  o t h e r  

would con t ro l  the  gauge response o r  the  gauge response would not be  s e r i o u s l y  

a f f e c t e d  by the spacec ra f t  wall .  

It is u s e f u l  to  a l s o  examine w a l l  ma te r i a l  and thickness  i n  t h i s  same way, 

' 

This leaves f i v e  gauge design parameters t h a t  should be optimized. 

These a re :  d e t e c t o r  thickness  

source energy 

source-to-detector d i s t a n c e  

lower discr iminator  s e t t i n g  

upper discr iminator  s e t t i n g  

The f i r s t  series of computer runs held source energy constant  a t  100 Kev (this 

value i s  appropr i a t e  t o  153Gd) and searched on the remaining four  parameters for  

var ious f ixed  values  of wal l  ma te r i a l  (phenolic o r  aluminum), wal l  thickness  

(.3175 cm of aluminum, 0.762 cm of phenolic,  and 1.08 c m  of phenolic),  s h i e l d  

weight (2000, 1000, and 500 gramsh and source col l imat ion angles  (2 45' and - + 30°), 

The c r i t e r i o n  f o r  optimum gauge performance used was t h e  minimum noise- to-s ignal  

r a t i o .  The r e s u l t s  of t h i s  series of runs a r e  given i n  Table 4-1. 
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It became obvious i n  making t h i s  series of op t imiza t ion  runs t h a t  t h e r e  

a r e  two major disadvantages inhe ren t  t o  t h e  Rosenbrock sea rch  r o u t i n e  f o r  t h i s  

p a r t i c u l a r  app l i ca t ion .  

searched so  nega t ive  va lues  a r e  allowed. 

depended upon: (1) t h e  search  order ,  (2) t h e  i n i t i a l  va lues  given f o r  each 

va r i ab le ,  and (3 )  t he  va lues  f o r  Q! and p which con t ro l  t he  s t e p  s i z e ,  

these two problems and i n s u r e  t h a t  t he  c o r r e c t  minima were being obtained, t h e  

F i r s t  of a l l ,  t h e r e  a r e  no l i m i t s  on t h e  v a r i a b l e s  being 

Secondly, t he  minimum values  found 

To combat 

same search  was made s e v e r a l  t i m e s  and t h e  search  order ,  i n i t i a l  va lues  given, 

and Q! and p values  were va r i ed  each time, 

out  each t i m e  and one could judge t h e  b e s t  minimum value  by examining t h i s  r a t i o  f o r  

each ind iv idua l  s tep .  I n  t h i s  way negat ive  va lues  of t he  parameters could be  ignored. 

One modification of the program was made. This cons is ted  of terminating the sea rch  

when a nega t ive  va lue  was obtained. 

The noise- to-s igna l  r a t i o  was p r in t ed  

I n  making the  series o f  runs l i s t e d  i n  Table 4-1 i t  was found t h a t  t he  

noise- to-s igna l  r a t i o  was q u i t e  i n s e n s i t i v e  t o  d e t e c t o r  thickness.  Detector 

thicknesses of 0.6 cm o r  1.6 cm gave t h e  same noise- to-s igna l  r a t i o  t o  wi th in  

- + 2%. Therefore, i n  f u t u r e  runs t h i s  parameter was f ixed  a t  0.6350 cm (1 /4  inch).  

The next i n t e r e s t i n g  f a c t  i s  t h a t  t he  d i r e c t  transmission of g a m  rays  

I n  a l l  cases where i s  a n e g l i g i b l e  source of no ise  f o r  a l l  s h i e l d  weights t r i e d .  

t he  spacec ra f t  wal l  ma te r i a l  i s  phenolic r e s i n ,  t h e  source-to-detector d i s t ance  

was increased  t o  very l a rge  va lues  t o  make t h e  streaming of gamma rays  down the  

spacec ra f t  wal l  n e g l i g i b l e  i n  r e l a t i o n  t o  the  amount of cosmic r a d i a t i o n  detected.  

When an aluminum wal l  was used t h e  source-to-detector d i s t ance  required t o  accomplish 

t h i s  was decreased by an o rde r  of magnitude. 

wal l  ma te r i a l  i s  the  l aye r  of phenolic r e s in .  Therefore, subsequent runs  used 

one of two f ixed  va lues  of phenolic wal l  thickness: 0.762 o r  1.08 cm. 

This i n d i c a t e s  t h a t  t he  c o n t r o l l i n g  

The effect of changing the  co l l imat ion  angles  on the noise-to-signal 

r a t i o  was r e l a t i v e l y  small. The s i g n a l  response i s  almost d i r e c t l y  propor t iona l  
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t o  the t o t a l  s o l i d  angle  allowed by t h e  co l l ima t ion  angles.  The co l l ima t ion  

angles  have about t h e  same e f f e c t  on t h e  streaming of g a m  rays down t h e  

spacec ra f t  wall .  

p re sen t  series of runs, the co l l ima t ion  angles  do no t  a f f e c t  the  t o t a l  noise.  

I n  subsequent runs t h e  col l imat ion angles  were f ixed  a t  5 45O, 

However, s i n c e  t h i s  i s  a n e g l i g i b l e  source of noise  i n  t h e  

The optimum source-to-detector d i s t ances  obtained were no t  compatible 

wi th  l i m i t a t i o n s  imposed by t h e  spacec ra f t  design and so t h r e e  f ixed  r e a l i s t i c  

values  of t h i s  parameter were used i n  subsequent runs t o  examine t h e  effect of 

t h i s  parameter. 

The f i r s t  series of runs d id  no t  determine optimum source energy. 

It  i s  poss ib l e  t h a t  t h e  t h e o r e t i c a l  optimum source energy could be  s i g n i f i c a n t l y  

d i f f e r e n t  from the  153Gd source with a n  average energy of 100 Kev. 

of runs w a s  designed t o  determine the optimum source energy and corresponding 

lower and upper d i sc r imina to r  s e t t i n g s  f o r  var ious f ixed  values  of the  parameters 

t h a t  were found t o  be important i n  the f i r s t  series of runs. These f ixed  values  

of importance were source-to-detector d i s t ances  of 150, 100, and 50 cm; s h i e l d  weights 

of 2000, 1000, and 500 grams; phenolic res in  wa l l  thicknesses  of 0.762 and 1.08 cm; 

and de tec to r  thickness  of 0.6350 cm. 

i n  Table 4-2. 

The next series 

The r e s u l t s  of t h i s  series of runs a r e  given 

I n  t h i s  second series of runs the  c o n t r o l l i n g  source of no i se  i s  the  

streaming of gamma rays down t h e  spacec ra f t  wall .  This i s  the  case because 

three ,  small f ixed  values  of the source-to-detector d i s t a n c e  have been employed 

i n  t h i s  series of runs. For the source-to-detector d i s t a n c e  of 150 em, the  

optimum source energy i s  76.3 Kev while t h e  optimum source energy i s  110 Kev f o r  

the  two smaller  source-to-detector d i s t ances  of 100 and 50 cm. These r e s u l t s  

i n d i c a t e  t h a t  t h e  100 Kev energy of t h e  L53Gd source i s  very near  optimum. 

i n t e r e s t i n g  t o  no te  t h a t  the  optimum energy one would ob ta in  by considering only 

It i s  
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the  s i g n a l  response and no i se  response wi th  no d i sc r imina to r  s e t t i n g s  would be  a t  

about 15 Kev o r  less, 

There ace  two problems a s soc ia t ed  wi th  these  f irst  two series of runs 

t h a t  needed some f u r t h e r  i nves t iga t ion .  

the  no i se  level due t o  phenomena o t h e r  than  the  source-generated noise  seemed too 

low. Reca l l  t h a t  t he  cosmic r a d i a t i o n  background response was assumed t o  be  

c o n t r o l l i n g  i n  t h i s  genera l  a rea  of noise. 

category would be  e l e c t r o n i c  (pr imar i ly  thermal emission a t  t he  photocathode) and 

n a t u r a l  r a d i o a c t i v i t y  i n  t h e  surroundings. Both of t hese  sources  of no ise ,  l i k e  

cosmic r ad ia t ion ,  would b e  independent of t h e  rad io iso tope  source being used and, 

therefore ,  independent of t h e  source- to-detector  d i s tance .  

Probably the  most important was t h a t  

Other sources  of no i se  i n  t h i s  same 

* 

The hypothesis  t h a t  t h e  non-source generated no i se  l e v e l  i s  too low can 

only be eventua l ly  determined by experimental r e s u l t s .  However, t he  e f f e c t  of a 

higher  no i se  level i n  t h i s  category can be  a sce r t a ined  by simply assuming a much 

h igher  cosmic r a d i a t i o n  f lux .  This  means t h a t  a higher  noise  level by any source 

of r a d i a t i o n  i n  t h i s  category i s  being simulated by increas ing  the  noise  con t r ibu t ion  

of the cosmic r ad ia t ion .  To accomplish t h i s ,  t he  assumed p a r t i c l e  f l u x  was changed 

from 2 t o  12,350 protons per  cm per  second. This va lue  of 12,350 was e s t ab l i shed  

by obta in ing  the  value requi red  t o  o b t a i n  30 counts per  second f o r  d i scr imina tor  

s e t t i n g s  of 0 and 2.5 MeV wi th  the  0.6350 cm th ick ,  4 inch  diameter NaI(T1) de t ec to r ,  

2 

The o the r  problem i s  a conceptual  one. It i s  probable t h a t  t he  noise-to- 

s i g n a l  r a t i o  i s  not  t h e  b e s t  c h a r a c t e r i s t i c  t o  minimize a s  a c r i t e r i o n  f o r  t he  

optimum gauge performance. 

atmospheric dens i ty  measurement. 

Probably a b e t t e r  c h a r a c t e r i s t i c  i s  the  var iance  of t he  

This parameter i s  given by: 

o2 ( P I  = 

2 where G ( p )  i s  the  var iance  of 

s lope  of the c a l i b r a t i o n  curve, 

(4,3-1) 

t he  atmospheric dens i ty  measurement, dp/dR is  the  

and c? (R)  i s  the  var iance  of the  measured counting 
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r a t e .  This l a s t  parameter i s  taken as:  

( 4 . 3 - 2 )  

2 2 
G B where a 

of the background counting r a t e .  These component var iances  a r e  taken a s  due s o l e l y  

t o  the normal s t a t i s t i c a l  f l u c t u a t i o n s  of s i g n a l  and background (noise)  f o r  a f ixed  

observat ion t i m e .  Therefore, they r ep resen t  t h e  minimum a t t a i n a b l e  variances.  

They a r e  given by: 

(R) i s  the var iance of t h e  g ross  counting rate and cf (R) i s  t h e  variance 

6; (R) = RG ( 4  0 3-3 ) 

(4 .3-4)  

where R 

ground counting r a t e  o r  noise. 

i n t e r e s t  and i s  most c r u c i a l ,  6 

Other sources of e r r o r  could be included h e r e  i f  des i rab le .  

e r r o r  due t o  shock-wave dens i ty  pe r tu rba t ions  could b e  included here. This i s  

n o t  done here,  s i n c e  i t  i s  beyond the scope of the  p re sen t  contract . )  

i s  t h e  gross  counting r a t e  ( s i g n a l  p lus  background) and % is  t h e  back- G 
Since t h e  h igh -a l t i t ude  accuracy i s  of most 

2 2 
G (R)  i s  taken as % and 6 (R) becomes 2 % e  (Note: 

For example, the  

With these two changes a s ea rch  of the  four  parameters source energy, 

source-to-detector d i s tance ,  lower d i sc r imina to r  s e t t i n g ,  and upper d i sc r imina to r  

s e t t i n g  was made. The r e s u l t s  of t h i s  search a r e  given i n  Table 4-3. Note t h a t  

t h e  source-to-detector d i s t ance  i s  reduced over the previous runs by a f a c t o r  of 

about two. This i n d i c a t e s  t h a t  the level of the  non-source generated noise  level 

has a s i g n i f i c a n t  e f f e c t  on the  optimum source-to-detector dis tance.  When 

experimental r e s u l t s  a r e  obtained on t h i s  no i se  level, more r e a l i s t i c  optimum 

values  can probably be obtained f o r  the source-to-detector dis tance.  

The advantage of searching f o r  a minimum variance i s  t h a t  t h e  b e s t  

poss ib l e  measurement accuracy i s  d i r e c t l y  obtained s i n c e  only the e r r o r  due t o  
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s t a t i s t i c a l  source f luc tua t ions  i s  considered. The measurement s tandard devia t ion  

i s  j u s t  the  square root  of the variance.  

Since t h e  optimum source energy found was 106.4 Kev, the  153Gd source wi th  

an average energy of 100 Kev should g ive  q u i t e  good r e s u l t s .  

wi th one f i n a l  run f i x i n g  the source energy a t  100 Kev and searching on the  th ree  

parameters source- to-detector  d i s t a n c e  and upper and lower d iscr imina tor  s e t t i n g s .  

The r e s u l t s  of t h i s  run a r e  given i n  Table 4-4 and i n d i c a t e  t h a t ,  a s  expected, the 

source energy of 100 Kev i s  e s s e n t i a l l y  a s  good a s  the  optimum of 106,4 Kev found 

This was checked 

c 

by the  search rout ine ,  

4.4 Discussion of Resul t s  and Conc1us.i.ons 

The r e s u l t s  of the opt imizat ion study i n d i c a t e  t h a t  t h i s  i s  a very 

promising method of optimizing the  g a m - r a y  atmospheric dens i ty  sensor.  When 

experimental  r e s u l t s  become ava i l ab le  so t h a t  r e a l i s t i c  no ise  l eve l s  can be 

e s t ab l i shed ,  the method should prove t o  be even more he lp fu l  i n  exac t ly  e s t ab l i sh ing  

the  optimum design parameters. A t  t h i s  t i m e  f u r t h e r  opt imizat ion s t u d i e s  should 

await  the experimental  r e s u l t s  necessary t o  e s t a b l i s h  the  l eve l s  of the  var ious  

sources  of noise.  

The major f ind ings  of t h i s  s tudy were: (1) optimum gauge performance 

was q u i t e  i n s e n s i t i v e  t o  de t ec to r  thickness ,  (2)  the  d i r e c t  transmission of gamma 

rays was a neg l ig ib l e  source of no ise  under a l l  condi t ions considered here,  

(3 )  the ma te r i a l  con t ro l l i ng  the  streaming of g a m  rays  down the spacecraf t  

wa l l  was the  low dens i ty  phenolic hea tsh ie ld  f o r  a l l  condi t ions considered i n  

t h i s  study, ( 4 )  the  e f f e c t  of varying the  co l l imat ion  angles  on the source w a s  

about what would be pred ic ted  by taking the s i g n a l  response a s  d i r e c t l y  propor t iona l  

t o  the t o t a l  s o l i d  angle  subtended by the  co l l imat ion  angles ,  (5) the  optimum 

source energy f o r  a l l  condi t ions considered he re  was about 100 Kev, (6)  the e f f e c t  

of the  non-source generated noise  l eve l  on the  optimum source- to-detector  d i s t ance  

was q u i t e  s i g n i f i c a n t ,  ( 7 )  the  optimum discr imina tor  s e t t i n g s  vary from 65 t o  
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106 Kev, and (8)  the optimum gauge design g ives  a measurement standard deviation 

of 0.530 x g/cm . 3 
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Constraints 9 

Fig. 2-1 Schematic diagram of mathematical model optimiza tion procedure 
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Resu l t s  were obtained wi th  model 
descr ibed i n  Sec t ion  3.1 .1  wi th  
the  parameters given i n  Table 3-2. 
Source s t r eng th  was 20 c u r i e s  wi th  
an energy of 0.100 MeV. 
phe r i c  compositions a r e  given i n  
Table 3-3. Detector  e f f i c i e n c y  was 
t o t a l  e f f i c i e n c y  of a 2" x 2" 
NaI(T1) c r y s t a l .  Source-to- 
d e t e c t o r  d i s t ance  was 100 cm. 

- 
Atmos- 

20,000 40,000 60,000 80,000 100,000 

ALTITUDE (ft.) 

Fig. 3-3 Signal  response as a func t ion  of a l t i t u d e  f o r  the  extremes of Mars 
model atmospheres 
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Fig. 3-4 Density as a function of altitude for the extremes o f  Mars model 

atmospheres 
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Fig. 3-5A Predic ted  s i g n a l  response pe r  10,000 t o t a l  u n i t s  a t  var ious  d is tances  
from gauge 
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c 

Fig. 3-5B Predicted s ignal  response per 10,000 to ta l  un i t s  a t  various distances 
from gauge 

Results were obtained with model described i n  Section 3.1.1.  Source 
Detector e f f i c i ency  was strength was 20 curies  with energy o f  0.100 MeV, 

equal to  to ta l  e f f i c i ency  of  a 2" x 2" NaI(T1) crysta l .  
was 2 x LOm5 g/cm3. 

Atmospheric density 
Dimensions are given i n  Table 3-2. 
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Signa l  r e s u l t s  ob ta ined  wi th  model 
descr ibed  i n  Sec t ion  3 .1 .1  and wa l l  

- 
-7 

streaming r e s u l t s  ob ta ined  wi th  model 
descr ibed  i n  Sec t ion  3 .1 .2 .  Parameters 
a r e  g iven  i n  Table 3-2. 
composition was t h a t  g iven  i n  Table 
3-3 f o r  NASA Model W-6. 
e f f i c i e n c y  was t o t a l  e f f i c i e n c y  of a 
2'' x 2" NaI(T1) c r y s t a l .  
s t r e n g t h  was 20 c u r i e s  and source-to- 
d e t e c t o r  d i s t a n c e  was 100 cm. 

Atmospheric 

Detec tor  

Source 

I I I I I I l l l  I 1 I I I I I I  

0.10 I .o 10.0 .01 

Energy, Mev 

Fig. 3-6 Signa l  and w a l l  streaming responses as a func t ion  of gamma-ray energy 
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Table 3-2 

DIMENSIONS OF GAUGE FOR 3-DIMENSIONAL STUDIES 

DESCRIPTION DIMENSION 

wa 11- to- source d i s t a n c e  

l i m i t  on r i n t e g r a t i o n  

wall thickness  

wa l l  d e n s i t y  

wal l  composition 

minimum l i m i t  on @ 

maximum limit on 0 

minimum l i m i t  on I) 

source-to-detector d i s t a n c e  

de t ec to r  thickness  

de t ec to r  rad ius  

source s t r e n g t h  

5,O c m  

1000 cm 

,762 cm (phenolic) 
.3175 cm (aluminum) 

3 
0,25 g/cm (phenolic) 

2.699 g/cm3 (aluminum) 

12% S i ,  24% 0, 59% C and 
5 %  H (phenolic) 

100% A 1  (aluminum) 

.7854 radians (45O) 

2,356 radians (135') 

.7854 radians (45') 

100 cm 

.635 cm 

5.08 cm 

20 c u r i e s  
(7.4 x 10'' y ' s / s ec )  
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Table 3-4 

SIGNAL ReSPONSE TO DENSITY VAI$IATIONS 
INDUCED BY SHOCK WAVES 

SIGNAL RESPONSE FOR VARIOUS COLLIMATION ANGLES 
FROM VERTICAL CENTERLINE OF SOURCE 

- 3-30' - +60° - +81° 

(counts/sec) (counts/sec) (counts / sec ) 

9.158 29.05 41.97 -7 Response f o r  p=1,8 x LO g/cm 
with no shock wave 

Response f o r  p-1.8 x 10 10.888 34 48 66.12 -7 
g/cm 

with 24 cm shock wave 

with p= l . l  x 10 g/cm -6 3 

Error  introduced by 24 cm 1.733 (18.9%) 5.43 (18.7%) 24.15 (57.5%) 
shock wave 

1,320 4,185 6,047 
-5 Response f o r  p=2,6 x 10 

with no shock wave 
g/cm 

10,809 17,432 
-5 

with 120 cm shock wave 

with ~ ~ 1 . 0  x 10 g/cm 

Response f o r  ~ 1 2 . 6  x 10 g/cm3 2,773 

-4 3 

Error  introduced by 120 cm 1,453 (110%) 6,624 (158%) 11,385 ( 188%) 

shock wave 

* 
The r e s u l t s  given here  were obtained with the s i g n a l  response model described 

i n  Sec. 3.1.1 with the parameters given i n  Table 3-2. I n  addi t ion  the gamma-ray 
energy was taken a s  0.100 Mev, the atmospheric composition was t h a t  given i n  Table 
3-3 f o r  NASA Model VM-8, the de tec tor  e f f ic iency  was taken as t h a t  f o r  discr iminator  
s e t t i n g s  of 65 and 115 Kev, the gamma-ray source s t rength  was 20 cur ies ,  and the  
source-to-detector dis tance was 100 cm. 
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Table 3-5 

SIGNAL RESPONSE A S  A FUNCTION O F  

NASA MODEL VM-6 MARS ATMOSPHERE* 
GAMMA-RAY ENERGY FOR 

GAMMA-RAY ENERGY 
(MeV) 

0.010 

0,020 

0.030 

0.040 

0.060 

0.080 

0.100 

0.300 

0.500 

1.000 

SIGNAL RESPONSE 
TO MARS ATMOSPHERE 

(p=1.80 x lom7 g/cm3> 
(counts/sec) 

.2198 x lo2 
2 -2198 x 10 

.1988 x lo2 

.1879 x LO2 

1691 x lo2 
.1538 x LO2 

2 .1412 x 10 

1 .7272 x 10 

.4599 x lo1 

.2445 x 10' 

* 
The results given here were obtained with the signal response model described 

in Sec. 3.1.1 with the parameters given in Table 3-2 and the atmospheric composition 
given in Table 3-3, 
of a 2" x 2" NaI(T1) scintillation crystal, the gamma-ray source strength was 
20 curies, and the source-to-detector distance was 100 em. The wall was 0.50 ern 
thick phenolic with a density of 0.50 g/cm3. 

In addition the detector efficiency was the total efficiency 
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GAMMA-RAY ENERGY 
(MeV) 

0.040 

0.070 

0.100 

0.200 

0.300 

0.500 

0.700 

1.000 

2.000 

3.500 

Table 3-6 

WALL-STREAMING RESPONSE AS A FUNCTION OF 
GAMMA-RAY ENERGY FOR TWO WALL MATERIALS* 

STREAMING RESPONSE 
FOR PHENOLIC WALL 

(p0 .25  g/cm3) 
(counts/sec ) 

0.3684 

0.4690 

0.5615 

0.8270 

1.0131 

1 2858 

1.4619 

1 5840 

1.4413 

1.0029 

STREAMING RESPONSE 
FOR ALUMINUM WALL 

( ~ ~ 2 . 6 9 9  g/cm3) 
(counts/sec ) 

0.3447 x 

0.1085 x 

0,1347 x 

0.2812 x 

0.5750 x 

0.1790 x 

0.1270 x 

0.7440 x 

0.8883 x 

0.2721 x 

* 
The r e s u l t s  given here  were obtained with the wall  streaming response model 

described i n  Sec. 3.1.2 with the parameters given i n  Table 3-2. 
the de tec tor  e f f ic iency  was the  t o t a l  e f f ic iency  of  a 2" x 2" NaI (Tl) s c i n t i l l a t i o n  
c r y s t a l ,  the gamma-ray source s t rength  w a s  20 cur ies ,  and the  source-to-detector 
dis tance was 100 cm. 

I n  addi t ion 
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Table 4-3 

TLZATION RESULTS FOR SOURCE ENERGY, SOURCE-TO-DETECTOR DISTANCE, 
AND LOWER AND UPPER DISCRIMINATOR SETTINGS 

pixed Variables  

Sh ie ld  Weight: 2000 grams 

Collimation Angles: 2 45' 

Wall Mater ia l :  Phenolic 

Wall Thickness: 0,762 cm 

Detector Thickness: 0,6350 cm 

Searched Variables  

Source Energy: 106.4 Kev 

Source-to-Detector Distance: 224.7 cm 

Lower Discriminator Se t t ing :  67,15 Kev 

Upper Discriminator Se t t ing :  83.50 Kev 

Calculated Gaupe C h a r a c t e r i s t i c s  

3 Signal :  1,999 x 10 counts/sec 

Cosmic Noise: 0.1637 counts/sec 

Streaming Noise: 0.05580 counts/sec 

Direct Transmission Noise: counts/sec 

Variance: .2812 x 10 g /cm 

Standard Deviation: ,530 x g/cm 

-16 2 6 

3 

Note: The r e s u l t s  given here  were obtained by using the master 

opt imizat ion computer program described i n  Sec. 4.1. 

The parameters o t h e r  than those l i s t e d  a r e  given i n  

Table 3-2, 
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Table 4-4 

OPTIMIZATION RESULTS FOR SOURCE-TO-DETECTOR DISTANCE ANT) 
UPPER AND LOWER DISCRIMINATOR SETTINGS 

Fixed Variables  

Shield Weight: 2000 grams 

Collimation Angles: 3. 45O 
Wall Material:  Phenolic 

Wall Thickness: 0.762 cm 

Detector Thickness: 0,6350 cm 

Source Energy: 100 Kev 

Searched Variables  

Source-to-Detector Distance: 247.9 cm 

Lower Discriminator S e t t i n g :  65.86 Kev 

Upper Discriminator Se t t ing :  106,6 Kev 

Calculated. Gauge C h a r a c t e r i s t i c s  

3 Signal :  2.2052 x 10 counts/sec 

Cosmic Noise: 0.4073 counts/sec 

Streaming Noise: 0.02397 counts/sec 

Di rec t  Transmission Noise: counts lsec 
2 6  

.675 x lom8 g/cm3 
Variiance: .4541 x g Icm 
Standard Deviation: 

Note: The r e s u l t s  given he re  were obtained by using t h e  master 

opt imizat ion computer program described i n  Sec. 4,1, 
The parameters o t h e r  than those l i s t e d  a r e  given i n  

Table 3-2. 
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APPENDIX A 

DETECTOR EFFICIENCY MODEL 
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S c i n t i l l a t i n g  c r y s t a l s  convert  t o  a pu l se  of l i g h t  a proport ional  amount 

of t h a t  energy from a g a m - r a y  i n t e r a c t i o n  t h a t  i s  imparted t o  t h e  p a r t i c i p a t i n g  

e lec t ron .  

gamma-ray energy t o  an e l e c t r o n  and t h e  Compton s c a t t e r i n g  i n t e r a c t i o n  (or  

mul t ip l e  Compton s c a t t e r i n g  i n t e r a c t i o n s )  which can impart any energy up t o  a maxi- 

mum d i c t a t e d  by the o r i g i n a l  energy o f  the  gamma ray  can occur i n  any s i n g l e  

i n t e r a c t i o n  of  a gamma ray  with a s c i n t i l l a t i n g  c r y s t a l .  

t h e  l i g h t  pu l se s  t h a t  have been converted to  vo l t age  pulses  (pulse-height 

spectrum) from a monoenergetic source of gamma rays i n t e r a c t i n g  with a s c i n t i l l a -  

t i n g  c r y s t a l  i s  shown i n  Fig. A-1. 

i d e n t i f i e d .  

and a t r i a n g u l a r  area a s  shown i n  Fig. A-1. The a r e a  under t h e  t o t a l  curve 

( t o t a l  number of pu l se s )  divided by t h e  number of gamma rays t h a t  i n t e rcep ted  the  

d e t e c t o r  i s  t h e  t o t a l  e f f i c i e n c y  Et  of the  c r y s t a l  f o r  the p a r t i c u l a r  gamma-ray 

energy i l l u s t r a t e d .  

Both the  p h o t o e l e c t r i c  e f f e c t  i n t e r a c t i o n  which imparts a l l  of the  

A t y p i c a l  spectrum of 

The photopeak and Compton continuum a r e  

The Compton Continuum was divided i n t o  two p a r t s ,  a r ec t angu la r  area 

The t o t a l  e f f i c i e n c y  of t h e  c r y s t a l  i s  given by 

where p i s  the t o t a l  a t t e n u a t i o n  c o e f f i c i e n t  of t h e  d 
-1 c r y s t a l ,  i n  cm , 

and x i s  t h e  e f f e c t i v e  d e t e c t o r  thickness ,  i n  cm, 

The p term i s  again s i m i l a r  t o  t h e  p term of Eq. (3e101-2) and t h e  IJ. t e r m  of 

Eq, ( 3 0 1 0 4 - 4 ) e  

NaI c r y s t a l  and t h e  p h o t o e l e c t r i c  e f f e c t  p r o b a b i l i t y  i n  NaI. 

p r o b a b i l i t y  was computed a s  usua l  and t h e  p h o t o e l e c t r i c  p r o b a b i l i t y  w a s  computed 

by t h e  equation 

d t S 

It i s  composed of t h e  t o t a l  Compton s c a t t e r i n g  p r o b a b i l i t y  i n  the 

The Compton 

b -1 
T~ = a E cm (A-2) 
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where a and b a r e  empirical cons t an t s  

and E i s  t h e  gamma-ray energy, i n  MeV. 

The cons t an t s  a and b were determined by taking values  of the  pho toe lec t r i c  

a t t e n u a t i o n  c o e f f i c i e n t s  f o r  NaI(T1) c r y s t a l s  a t  two energies  from Table 3 .1  of  

Crou thamel and solving t h e  r e s u l t i n g  equations simultaneously. The constant  

a was found t o  b e  0.0142 and b w a s  -2 .62 .  

The e f f e c t i v e  d e t e c t o r  thickness  x was taken a s  t h e  d i s t a n c e  through t h e  

cen te r  of the  d e t e c t o r  i n t e rcep ted  by t h e  s c a t t e r e d  g a m  ray. This thickness  can 

be  expressed by the  equation 

C r  

( A - 3 )  

where t i s  d e t e c t o r  thickness ,  i n  cm, 

D i s  source-detector  d i s tance ,  i n  cm, 

X I ¶  Y p  zlg are coordinates  of the  s c a t t e r  point ,  i n  cm. and 

I n  t h e  s i g n a l  response model x 1, yl, z1 a r e  coordinates  of the one s c a t t e r  f o r  

each gamma ray and i n  t h e  wa l l  streaming response model these a r e  the coordinates  

of the second s c a t t e r  point .  

The f r a c t i o n  of the t o t a l  a r e a  under 

photopeak i s  c a l l e d  the  photofract ion,  o r  

expressed a s  

r -l 

the  curve i n  Fig.  A-1 t h a t  i s  i n  the 

peak-to- total  r a t i o .  This r a t i o  can be 

C 

(A-4 )  

where c i s  an empir ical  parameter 

and and x a r e  a s  defined e a r l i e r .  Td9 cld 

The parameter c was determined by p l o t t i n g  the  experimental peak-to- total  r a t i o s  

shown on page 336 of Crouthamel ('O) f o r  a NaI(T1) c r y s t a l  versus  energy and 
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determining c 

This parameter c was found t o  be of the form 

so t h a t  the  computed peak-to- total  r a t i o s  would f i t  t h i s  curve. 

bE c = a e  (A-5 1 

where a and b a r e  empir ical  parameters 

and E i s  gamma-ray energy, i n  MeV. 

The parameters a and b v a r i e d  depending on the gamma-ray energy. 

For t h i s  model the  shape of the  photopeak was taken a s  a normal (or  Gaussian) 

d i s t r i b u t i o n  with t h e  r e s o l u t i o n  being computed by 

R e s  =- (A-6)  

where a and a r e  constants  

and E is g a m - r a y  energy, i n  Mev. 

There a r e  no u n i t s  on R e s  when the energy is i n  Mev. 

taken from Fig. 2-3 of Crouthamel and were equa to  4.5 x and 1,57 x 1 C  

r espec t ive ly ,  

The cons t an t s  a and p were 

These values  g ive  a r e s o l u t i o n  of 8.3% f o r  a 0.662 MeV gamma ray, 

The Compton continuum was divided i n t o  two p a r t s  a s  discussed e a r l i e r  with 

t h e  upper l i m i t  of the r ec t angu la r  p a r t  being the maximum energy t h a t  can be 

imparted t o  an e l e c t r o n  by a g a m  ray  of t h e  energy employed i n  one Compton 

s c a t t e r i n g  i n t e r a c t i o n .  

given by: 

This maximum e l e c t r o n  energy T ( c o f o  Evans i8)) is  
maX 

0 

MeV 
I 2EL 

Tmax 0.511 + 2E 

Now t h e  area under the  t o t a l  curve i s  equal t o  t h e  t o t a l  e f f ic iency ,  o r  

3 
9 

(A-7) 

A -I- Ac = E t  (A-8  1 P 

i s  the  area under the  photopeak p o r t i o n  of t h e  spectrum where A 
P 
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and A is  the  area under the  Compton continuum p o r t i o n  of the  
c 

spectrum. 

But the peak-to- total  r a t i o  i s  given by: 

A 
P 

A + A c *  PR = 
P 

Therefore t h e  a rea  under t h e  Compton continuum can be computed by: 

A c  = E t  (1 -PR) 

The he igh t  h of the  Compton continuum can now be found by: 

A 
C h =  

-t- 0.50 (E -0.50 (E -Tmx) -Tmx)l CTmaX 

(A-9 1 

(A- 10) 

( A - 1 1 )  

where T and E a r e  i n  MeV. 
maX 

The e f f i c i e n c y  can be  seen t o  be  the  sum of the a r e a s  i n  the  Compton continuum and 

the  photopeak. 

operated between any two energy d i sc r imina t ion  levels f o r  any g a m - r a y  energy can 

be calculated.  

With the equation given above, the  e f f i c i e n c y  f o r  a given c r y s t a l  
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Fig A - 1  Typical monoenergetic g a m - r a y ,  pulse-height spectrum using a NaI(T1) 
crystal and photomultiplier 
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APPENDIX B 

DETECTOR S O L I D  ANGLE MODEL 
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Figure B-1  g ives  t h e  p e r t i n e n t  nomenclature of t h e  c i r c u l a r  f a c e  of a 

c y l i n d r i c a l  d e t e c t o r  w i th  r e s p e c t  t o  t h e  o r i g i n  o r  the  po in t  source of rad ia t ion .  

The d i f f e r e n t i a l  angle subtended i s  given by: 

(B- 1) 
cos 8' r d r  d@ d!2= 

d2 

By using appropr i a t e  geometrical  i d e n t i t i e s  and i n t e g r a t i n g  from r = 0 t o  r = R, 

one ob ta ins  

Rearranging and i n t e g r a t i n g  the f i r s t  t e r m  of Eq. (B-2) gives:  

2RD 

D2 + R2 
where b = 

By expanding the  integrand of Eq. (B-3) i n  an i n f i n i t e  series and i n t e g r a t i n g  

t e r m  by term, one ob ta ins  the so lu t ion :  

W 

n = 2 n -  2 n 4  - / > 2  p + z  x 1 
:=1  i 

i 
I A- L 1 
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, ( f o r  k > 2)  A k = A  + b k "  k2i-1 
k- 2 j=l 2 j  

A1 = 1/2b, 

A 2  = 3/8b2 + 1 and 

(11) This is  t h e  s o l u t i o n  given by Zumwalt 
in). 

For small s o l i d  angles  i t  i s  obvious t h a t  t h e  s o l u t i o n  given by Eq, ( B - 4 )  would 
L. 

involve s u b t r a c t i n g  one l a r g e  number from another. 

t o  ob ta in  t h i s  s o l u t i o n  on a d i g i t a l  computer without having t o  use double 

Assuming t h a t  one would want 

p r e c i s i o n  format, t h e  s o l u t i o n  given by Eq. ( B - 4 )  would not  be accu ra t e  f o r  s o l i d  

angles  smaller than about 10 . (This assumes t h a t  t h e  computer c a r r i e s  s i x  -4 

s i g n i f i c a n t  f igures) .  

w s ' i + R / D  2 2, o r  both i n t o  a series, i t  i s  found that t h e  expansions 

a r e  v a l i d  only f o r  c e r t a i n  ranges of values  of p / D  and R/D. 

I f  one tries t o  e l imina te  t h i s  problem by expanding 

An a l t e r n a t e  approach 

t o  the  problem i s  t o  de r ive  another  series s o l u t i o n  of more appropr i a t e  form. 

I f  r a t h e r  than i n t e g r a t i n g  the f i r s t  term i n s i d e  the  i n t e g r a l  of Eq. ( B - 2 )  

i t  is  combined with t h e  second term and expanded i n  a n  i n f i n i t e  series, then one 

ob ta ins  t h e  a It erna t e  s o l u t i o n  : 

i i 2j-1 
where yi = 2 ( 0 0 )  

B1 = 1 I 

c1 = 1 
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- 2 b / D )  (R/D) and - 
F1 1 + (R/D)2  

In th is  model i t  was found that the f i r s t  f i ve  terms of Eq. (B-5) provided 

reasonable accuracy,, 

Bunker-Ram0 340, 

Therefore, th is  was programed i n  FORTRAN I1 and run on the 
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Fig. B - 1  Schematic drawing of s o l i d  angles  subtended by a c i rc le  
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